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Abstract
Boron is a ubiquitous element in the environment and is required for normal plant 
development. It is not classed as essential for animals or humans but is known to 
influence many processes within the body such as macromineral metabolism, bone 
development, immune function, inflammatory disease and the functions of several 
enzymes. The problem of boron toxicity in the environment is a relatively rare situation 
when compared to deficiency status. The region of San Jose de Jachal, San Juan (SJ), 
Argentina, provided a unique area of investigation as it suffers from enhanced levels of 
boron in waters, soils, sediments and plants. This work has investigated the impact of 
boron and other key elements (namely As, Cd, Ca, Cu, Fe, Pb, Mg, Mn, K, Se, Na and 
Zn) in this region with respect to the environmental levels and the effect on the human 
population, through scalp hair analysis. This was compared to a second 'control' area 
of Argentina, namely General Roca, Rio Negro (RN). In order to achieve this, validated 
sample preparation methods were developed and optimised analytical conditions were 
used for measurement by a variety of techniques, namely flame atomic absorption 
spectrometry, atomic emission spectrometry, inductively coupled plasma mass 
spectrometry and molecular spectroscopy. This work showed that boron in the main 
river system in SJ ranged from 2.2 to 7.1 mg/l whereas RN waters were found to 
contain 0.03-2.3 mg/l. The sediments showed a similar trend, with levels ranging from 
25-147 mg/kg for SJ and 34-93 mg/l for RN. Significant correlations (P<0.05) were 
found between water and sediment levels, and statistical differences were observed 
between the two populations for boron in waters and sediment (P<0.05). Additionally, 
the mobility of boron in grapevines and wine was examined. Whilst it was not possible 
to determine the mechanism of transport through the plant, boron is a labile element 
and was found in appreciable quantities in the resultant grape juice and wine. A 
database of elemental levels in wine (B, Ba, Ca, Cu, Pb, Li, Mg, Mn, Rb, Sr and Zn) was 
produced in order to compare wines from SJ to other countries. In general, no major 
differences were observed which could have substantial impact on the local economy if 
wine were to be produced in this region. The application of chemometrics was also 
explored using the wine data. The use of scalp hair as a biomonitor for boron (and 
other key elements) in relation to the health status of the two populations was 
uniquely described. Highly significant differences (P<0.001) were found between the 
two groups in terms of their elemental content for boron as well as Cd, Ca, Cu, Fe, Pb, 
Mg, Mn and Na. The effects of gender, age and health status were also investigated. 
Of greatest relevance, was the relationship between boron and calcium with reported 
bone conditions/arthritis (P<0.05), which was in agreement with previous studies 
monitoring other tissues.
Contents
Abstract i
Contents ii
List of Figures ix
List of Tables xiii
Abbreviations xix
Acknowledgements XX
Chapter One -  Introduction 1
1.1 Boron -  General Introduction 2
1.1.1 Isotopic information 2
1.1.2 Boron compounds and reactions 2
1.1.3 Uses of Boron 4
1.2 Boron in the Environment -  Natural and Anthropogenic 5
1.2.1 Air 7
1.2.2 Water 7
1.2.3 Soil and Sediment 9
1.2.4 Rocks and Geochemistry 11
1.2.5 Plants and Foodstuffs 13
1.2.6 Animal and Human Health 16
1.3 Boron Deficiency 17
1.3.1 Deficiency in the Environment 17
1.3.2 Deficiency in Mammals 19
1.4 Boron Toxicity 20
1.4.1 Toxicity in the Environment 20
1.4.2 Toxicity in Mammals 24
1.5 Speciation and Bioavailability 25
1.6 Review of Analytical Considerations 27
1.6.1 Sample Storage and Preparation 27
1.6.2 Analytical Techniques 28
1.6.2.1 Spectrophotometry 28
1.6.2.2 Flame atomic absorption spectrometry (FAAS) 29
1.6.2.3 Atomic emission spectrometry (AES) 30
1.6.2.4 Inductively coupled plasma optical emission spectrometry (ICP-OES) 30
1.6.2.5 Inductively coupled plasma mass spectrometry (ICP-MS) 31
1.6.2.6 Neutron activation analysis (NAA) 32
1.6.2.7 Ion chromatography 32
1.7 Elements of Interest 33
1.7.1 Classification of Elements 33
1.7.2 Elements Chosen for this Research 33
1.7.2.1 Arsenic 34
1.7.2.2 Cadmium 35
1.7.2.3 Calcium 35
1.7.2.4 Copper 35
1.7.2.5 Iron 36
1.7.2.6 Lead 36
1.7.2.7 Magnesium 36
1.7.2.8 Manganese 37
1.7.2.9 Potassium 37
1.7.2.10 Selenium 37
1.7.2.11 Sodium 38
1.7.2.12 Zinc 38
1.8 Aim and Objectives 38
1.8.1 Aim 38
1.8.2 Objectives 39
Chapter Two -  Analytical Methodology 40
2.1 Introduction 41
2.2 Sampling Strategy 41
2.2.1 Water 43
2.2.2 Soil and Sediment 43
2.2.3 Plant Material 44
2.2.4 Wine and Oils 44
2.2.5 Biological Tissues 45
2.3 Media Preparation and Analytical Methodology 45
2.3.1 Water 45
2.3.1.1 pH 46
2.3.1.2 Elemental analysis 46
2.3.2 Soil and Sediments 46
2.3.2.1 Sequential extraction 46
2.3.2.2 Acid digestion 47
2.3.3 Plant Material 48
2.3.3.1 Acid digestion 49
2.3.4 Wine and Oils 51
2.3.4.1 Dilution of wines 51
2.3.4.2 Digestion of oils 51
2.3.5 Biological Tissues 51
2.3.5.1 Digestion 51
2.4 Analytical Instrumentation 54
2.4.1 Flame Atomic Absorption Spectrometry (FAAS) 54
2.4.1.1 Principles 54
2.4.1.2 Instrumentation 56
2.4.1.3 Interferences 56
2.4.1.4 Calibration 57
2.4.1.5 Instrument precision 57
2.4.2 Flame Atomic Emission Spectrometry (AES) 58
2.4.2.1 Principles 58
2.4,2.2 Instrumentation 59
2.4.2.3 Interferences 59
2.4.2.4 Calibration 59
2.4.2.S Instrument precision 60
2.4.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 60
2.4.3.1 Principles 60
2.4.3.2 Instrumentation 62
2.4.3.3 Interferences 65
2.4.3.4 Calibration 68
2.4.3.5 Instrument precision 70
2.4.4 Molecular Spectroscopy -  Ultraviolet and Visible Absorption Spectroscopy 72
2.4.4.1 Principles 72
2.4.4.2 Instrumentation 73
2.4.4.3 Interferences 73
2.4.4.4 Calibration 74
2.4.4.5 Instrument precision 75
2.5 Quality Control 75
2.5.1 Accuracy 76
2.5.2 Inter-Technique Comparison 78
2.6 Analytical Figures of Merit 78
2.7 Summary 79
Chapter Three - Results and Discussion -  The Preliminary Study 2005 80
3.1 Introduction 81
3.2 Sampling locations 81
3.3 Water 84
3.3.1 pH 84
3.3.2 Boron 84
3.3.3 Arsenic 86
3.3.4 Calcium 87
3.3.5 Magnesium 88
3.3.6 Sodium 89
3.3.7 Trace and Toxic elements 90
3.3.8 Inter-Element Correlation 91
3.4 Soil and Sediment 92
3.4.1 Boron 92
3.4.2 Arsenic 93
3.5 Plant Material 94
3.6 Wine and Olive Oil 95
3.6.1 Wine 95
3.6.2 Olive oil 96
3.7 Human Tissues 96
3.7.1 Hair 96
3.7.2 Teeth 97
3.8 Summary 97
Chapter Four - Results and Discussion -  The Main Study 2006 100
4.1 Introduction 101
4.2 San Jose de Jachal, San Juan 101
4.2.1 Sampling Locations 101
4.2.2 Water 103
4.2.2.1 pH 103
4.2.2.2 Boron 103
4.2.2.3 Arsenic 106
4.2.2.4 Calcium 108
4.2.2.5 Magnesium 109
4.2.2.6 Potassium 110
4.2.2.7 Sodium 112
4.2.2.8 Trace and Toxic elements 113
iv
4.2.2.9 Inter-element correlations 115
4.2.3 Soil and Sediment 116
4.2.3.1 Boron 116
4.2.3.2 Arsenic 119
4.2.3.3 Copper, lead and zinc 121
4.2.3.4 Inter-element correlations 122
4.2.4 Summary 123
4.3 General Roca, Rio Negro, Patagonia 124
4.3.1 Sampling Locations 125
4.3.2 Water 127
4.3.2.1 pH 127
4.3.2.2 Boron 127
4.3.2.3 Arsenic 129
4.3.2.4 Calcium 129
4.3.2.5 Magnesium 130
4.3.2.6 Potassium 131
4.3.2.7 Sodium 132
4.3.2.8 Trace and toxic elements 133
4.3.2.9 Inter-element correlations 135
4.3.3 Sediment 135
4.3.3.1 Boron 135
4.3.3.2 Arsenic 137
4.3.3.3 Copper, lead and zinc 139
4.3.3.4 Inter-element correlations 139
4.3.4 Summary 140
4.4 Statistical Comparison of Environmental Levels in the San Juan and Rio Negro 141 
Regions
4.4.1 Water 141
4.4.2 Sediment 142
4.5 Chapter Summary 143
Chapter Five — Results and Discussion — Boron Mobility in Grapevines 147 
and Wine Investigation
5.1 Boron Mobility in Grapevines 148
5.1.1 Introduction 148
5.1.2 Experimental Details 149
5.1.3 Water 149
5.1.4 Soil 149
5.1.5 Plant 150
5.1.6 Grapes and Wine 151
5.1.7 Discussion 152
5.2 Wine Comparison Database 154
5.2.1 Introduction 154
5.2.2 Wine Analysis 154
5.2.3 Reference Ranges 156
5.2.4 Boron 158
5.2.5 Barium 159
5.2.6 Calcium 160
5.2.7 Copper 161
v
5.2.8 Lead 161
5.2.9 Lithium 162
5.2.10 Magnesium 163
5.2.11 Manganese 164
5.2.12 Rubidium 165
5.2.13 Strontium 167
5.2.14 Zinc 168
5.2.15 Inter-Element Correlations 168
5.2.16 Multivariate Statistics 169
5.2.17 Summary 171
5.3 Chapter Summary 172
Chapter Six -  Results and Discussion -  Human Tissue Analysis 174
6.1 Introduction 175
6.1.1 Chemistry and Structure of Hair 175
6.1.2 Use of Hair as a Biomonitor 176
6.1.3 Hair Analysis 177
6.1.4 Reference Ranges 179
6.2 Boron 180
6.2.1 San Juan Population 180
6.2.2 Rio Negro Population 181
6.2.3 Comparison of the Two Populations 181
6.2.4 Influence of Gender 182
6.2.5 Correlation with Age 183
6.2.6 Influence of Health Status 183
6.2.7 Summary 184
6.3 Arsenic 184
6.3.1 San Juan Population 184
6.3.2 Rio Negro Population 186
6.3.3 Comparison of the Two Populations 186
6.3.4 Influence of Gender 186
6.3.5 Correlation with Age 186
6.3.6 Influence of Health Status 187
6.3.7 Summary 187
6.4 Cadmium 187
6.4.1 San Juan Population 187
6.4.2 Rio Negro Population 188
6.4.3 Comparison of the Two Populations 188
6.4.4 Influence of Gender 189
6.4.5 Correlation with Age 189
6.4.6 Influence of Health Status 190
6.4.7 Summary 190
6.5 Calcium 191
6.5.1 San Juan Population 191
6.5.2 Rio Negro Population 191
6.5.3 Comparison of the Two Populations 191
6.5.4 Influence of Gender 192
6.5.5 Correlation with Age 193
6.5.6 Influence of Health Status 193
vi
6.5.7 Summary 194
6.6 Copper 194
6.6.1 San Juan Population 194
6.6.2 Rio Negro Population 195
6.6.3 Comparison of the Two Populations 196
6.6.4 Influence of Gender 196
6.6.5 Correlation with Age 197
6.6.6 Influence of Health Status 197
6.6.7 Summary 197
6.7 Iron 198
6.7.1 San Juan Population 198
6.7.2 Rio Negro Population 198
6.7.3 Comparison of the Two Populations 198
6.7.4 Influence of Gender 199
6.7.5 Correlation with Age 199
6.7.6 Influence of Health Status 200
6.7.7 Summary 200
6.8 Lead 200
6.8.1 San Juan Population 200
6.8.2 Rio Negro Population 201
6.8.3 Comparison of the Two Populations 201
6.8.4 Influence of Gender 202
6.8.5 Correlation with Age 202
6.8.6 Influence of Health Status 203
6.8.7 Summary 203
6.9 Magnesium 204
6.9.1 San Juan Population 204
6.9.2 Rio Negro Population 204
6.9.3 Comparison of the Two Populations 204
6.9.4 Influence of Gender 205
6.9.5 Correlation with Age 205
6.9.6 Influence of Health Status 206
6.9.7 Summary 206
6.10 Manganese 206
6.10.1 San Juan Population 206
6.10.2 Rio Negro Population 207
6.10.3 Comparison of the Two Populations 207
6.10.4 Influence of Gender 208
6.10.5 Correlation with Age 208
6.10.6 Influence of Health Status 209
6.10.7 Summary 209
6.11 Potassium 209
6.11.1 San Juan Population 209
6.11.2 Rio Negro Population 210
6.11.3 Comparison of the Two Populations 210
6.11.4 Influence of Gender 211
6.11.5 Correlation with Age 211
6.11.6 Influence of Health Status 212
6.11.7 Summary 212
6.12 Selenium 212
6.12.1 San Juan Population 212
6.12.2 Rio Negro Population 213
6.12.3 Comparison of the Two Populations 214
6.12.4 Influence of Gender 214
6.12.5 Correlation with Age 215
6.12.6 Influence of Health Status 215
6.12.7 Summary 215
6.13 Sodium 216
6.13.1 San Juan Population 216
6.13.2 Rio Negro Population 216
6.13.3 Comparison of the Two Populations 217
6.13.4 Influence of Gender 218
6.13.5 Correlation with Age 218
6.13.6 Influence of Health Status 219
6.13.7 Summary 219
6.14 Zinc 219
6.14.1 San Juan Population 219
6.14.2 Rio Negro Population 220
6.14.3 Comparison of the Two Populations 221
6.14.4 Influence of Gender 222
6.14.5 Correlation with Age 223
6.14.6 Influence of Health Status 223
6.14.7 Summary 223
6.15 Inter-Element Correlations 224
6.16 Chapter Summary 225
6.16.1 Elemental Data and Population Distribution 225
6.16.2 Influence of Gender 228
6.16.3 Correlation with Age 228
6.16.4 Influence of Health Status 228
6.16.5 Elemental Correlations 229
Chapter Seven -  Conclusions 230
7.1 Introduction 231
7.2 Analytical Techniques and Methodology 233
7.3 The Preliminary Study 234
7.4 The Main Study 237
7.5 The INTA Collaboration and Wine Study 239
7.6 Human Tissue Analysis 242
7.7 Further Remarks 244
Bibliography 247
Appendix A 260
Appendix B 267
Appendix C 275
Appendix D 284
viii
Figure 1.1 The distribution of boric acid in solution at various pH values (Darbouret and 3 
Kano, 2000).
Figure 1.2 Effect of pH on polyborate species (0.40 M boric acid) (Woods, 1994). 4
Figure 1.3 Structure of boromycin (Woods, 1994). 6
Figure 1.4 Stages of boron toxicity in plants, increasing levels from left to right (www 21 
ref. 3).
Figure 1.5 Boron toxicity in plants, showing the elliptical spots (www ref. 3). 21
Figure 1.6 Dose-response curve for an essential element (Stone, 2006). 33
Figure 2.1 Map of Argentina, highlighting San Jose de Jachal and General Roca. 42
Figure 2.2The sequential extraction methodology as described by Rauret eta/., 1999. 47
Figure 2.3 Method development experiments performed for plant material digestion 50 
Figure 2.4 The IAEA hair washing methodology (Ryabukhin, 1976). 52
Figure 2.5 The results of using variable and constant dilution factors for the analysis of 54 
boron in hair (pg/g).
Figure 2.6 Simple schematic diagram of a typical atomic absorption spectrometer (The 55 
Perkin-Elmer Corporation, 1996).
Figure 2.7 A typical calibration graph for magnesium as determined by FAAS. 57
Figure 2.8 Drift chart for magnesium as determined by FAAS. 58
Figure 2.9 Drift chart for potassium as determined by AES. 60
Figure 2.10 The inductively coupled plasma (Dudding, 2000). 61
Figure 2.11 Schematic of the Finnigan MAT Sola ICP-MS (Dudding, 2000). 63
Figure 2.12 Optimisation of forward power and nebuliser flow rate for 10B+ signal. 64
Figure 2.13 Results of boron washout experiment using different eluents. 68
Figure 2.14 Typical calibration graph for boron as determined by ICP-MS. 69
Figure 2.15 Typical calibration graph for arsenic as determined by ICP-MS. 70
Figure 2.16 A typical internal standard plot for beryllium (used to correct for boron). 70
Figure 2.17 A typical internal standard plot for cobalt, gallium, germanium, indium and 71
thallium (used to correct for the multi-element analysis).
Figure 2.18 A typical drift chart for boron as determined by ICP-MS. 71
Figure 2.19 A typical drift chart for arsenic as determined by ICP-MS. 72
Figure 2.20 The structure of azomethine-H. 73
Figure 2.21 The azomethine-H methodology, as described by (Bingham, 1982). 74
Figure 2.22 A typical calibration curve for boron using azomethine-H assay. 74
Figure 2.23 A typical drift chart for boron using azomethine-H assay. 75
Figure 3.1 Detailed map of the region surrounding San Jose de Jachal. 82
Figure 3.2 Sampling locations for the preliminary study, shown using Google Earth 83
List of Figures
Version 4.3.
Figure 3.3 Concentration of boron in river water in the San Jose de Jachal region 85 
(mg/l).
Figure 3.4 Concentration of arsenic in river water in the San Jose de Jachal region 86 
(Mg/l)-
Figure 3.5 Concentration of calcium in river water in the San Jose de Jachal region 87 
(mg/l).
Figure 3.6 Concentration of magnesium in river water in the San Jose de Jachal region 88 
(mg/l).
Figure 3.7 Concentration of sodium in river water in the San Jose de Jachal region 89 
(mg/l).
Figure 3.8 Concentration of boron in sediments in the San Jose de Jachal region 92
(mg/kg).
Figure 3.9 Concentration of arsenic in river sediments in the San Jose de Jachal region 94
(mg/kg).
Figure 3.10 Concentration of boron in river-side plants in the San Jose de Jachal region 95
(mg/kg).
Figure 4.1 Sampling locations in San Jose de Jachal for the 2006 study, shown using 102
Google Earth Version 4.3.
Figure 4.2 Concentration of boron in river water in the San Jose de Jachal region 104
(mg/1).
Figure 4.3 Concentration of arsenic in river water in the San Jose de Jachal region 106
(M9/0-
Figure 4.4 Concentration of calcium in river water in the San Jose de Jachal region 108
(mg/l).
Figure 4.5 Concentration of magnesium in river water in the San Jose de Jachal region 110
(mg/l).
Figure 4.6 Concentration of potassium in river water in the San Jose de Jachal region 111
(mg/l).
Figure 4.7 Concentration of sodium in river water in the San Jose de Jachal region 113
(mg/l).
Figure 4.8 Concentration of boron in river sediments in the San Jose de Jachal region 117
(mg/kg).
Figure 4.9 The geochemical fractionation of boron in sediments from the San Jose de 119
Jachal region.
Figure 4.10 The geochemical fractionation of boron in soils from the San Jose de Jachal 119
region.
Figure 4.11 Concentration of arsenic in river sediments in the San Jose de Jachal 120
region (mg/kg).
Figure 4.12 Detailed map of the region surrounding General Roca (Grl. Roca). 125
Figure 4.13 Sampling locations for General Roca, Rio Negro, shown using Google Earth 126
Version 4.3.
Figure 4.14 Concentration of boron in river and irrigation water in the General Roca, 128
Rio Negro region (mg/l).
Figure 4.15 Concentration of arsenic in river and irrigation water in the General Roca, 129
Rio Negro region (pg/l).
Figure 4.16 Concentration of calcium in river and irrigation water in the General Roca, 130
Rio Negro region (mg/l).
Figure 4.17 Concentration of magnesium in river and irrigation water in the General 131
Roca, Rio Negro region (mg/l).
Figure 4.18 Concentration of potassium in river and irrigation water in the General 132
Roca, Rio Negro region (mg/l).
Figure 4.19 Concentration of sodium in river and irrigation water in the General Roca, 133
Rio Negro region (mg/l).
Figure 4.20 Concentration of boron in sediments from the General Roca, Rio Negro 136
region (mg/kg).
Figure 4.21 The geochemical fractionation of boron in sediments from the General 137
Roca, Rio Negro region.
Figure 4.22 Concentration of arsenic in sediments from the General Roca, Rio Negro 138
region (mg/kg).
Figure 5.1 Concentration of boron in soil used in the INTA trial (mg/kg). 150
Figure 5.2 The concentration of boron in chardonnay grapevines over time from the 150 
INTA trial (pg/g).
Figure 5.3 The concentration of boron in cabernet sauvignon grapevines over time 151 
from the INTA trial (pg/g).
Figure 5.4 Summary of the concentration of boron in the chardonnay samples from the 153 
INTA trial (mg/kg unless stated).
Figure 5.5 Summary of the concentration of boron in the cabernet sauvignon samples 153 
from the INTA trial (mg/kg unless stated).
Figure 5.6 Concentration of boron in wine; mean ± standard deviation (mg/l); SSJ=San 158 
Jose de Jachal.
Figure 5.7 Concentration of barium in wine; mean ± standard deviation (pg/l); 159 
SSJ=San Jose de Jachal.
Figure 5.8 Concentration of calcium in wine; mean ± standard deviation (mg/l); 160
SSJ=San Jose de Jachal.
Figure 5.9 Concentration of copper in wine; mean ± standard deviation (pg/l); 161 
SSJ=San Jose de Jachal.
Figure 5.10 Concentration of lead in wine; mean ± standard deviation (pg/l); SSJ=San 162 
Jose de Jachal.
Figure 5.11 Concentration of lithium in wine; mean ± standard deviation (pg/l); 163
SSJ=San Jose de Jachal.
Figure 5.12 Concentration of magnesium in wine; mean ± standard deviation (mg/l); 164
SSJ=San Jose de Jachal.
Figure 5.13 Concentration of manganese in wine; mean ± standard deviation (mg/l); 165
SSJ=San Jose de Jachal.
Figure 5.14 Concentration of rubidium in wine; mean ± standard deviation (mg/l); 166
SSJ=San Jose de Jachal.
Figure 5.15 Concentration of strontium in wine; mean ± standard deviation (mg/l); 167
SSJ=San Jose de Jachal.
Figure 5.16 Concentration of zinc in wine; mean ± standard deviation (mg/l); SSJ=San 168
Jose de Jachal.
Figure 6.1 The structure of hair (Stovell, 1999). 175
Figure 6.2 The structure of the hair shaft (Robertson, 1999). 176
Figure 6.3 Distribution of boron in the San Juan population. 181
Figure 6.4 Distribution of boron in the Rio Negro population. 181
Figure 6.5 Distribution of arsenic in the San Juan population. 185
Figure 6.6 Distribution of cadmium in the San Juan population. 188
Figure 6.7 Distribution of cadmium in the Rio Negro population. 188
Figure 6.8 Distribution of calcium in the San Juan population. 191
Figure 6.9 Distribution of calcium in the Rio Negro population. 191
Figure 6.10 Distribution of copper in the SJ population. 194
Figure 6.11 Distribution of copper in the SJ population with rejection of outliers. 195
Figure 6.12 Distribution of copper in the RN population. 196
Figure 6.13 Distribution of iron in the SJ population. 198
Figure 6.14 Distribution of iron in the RN population. 198
Figure 6.15 Distribution of lead in the SJ population. 201
Figure 6.16 Distribution of lead in the RN population. 201
Figure 6.17 Distribution of magnesium in the SJ population. 204
Figure 6.18 Distribution of magnesium in the RN population. 204
xi
Figure 6.19 Distribution of manganese in the SJ population. 207
Figure 6.20 Distribution of manganese in the RN population. 207
Figure 6.21 Distribution of potassium in the SJ population. 210
Figure 6.22 Distribution of potassium in the RN population. 210
Figure 6.23 Distribution of selenium in the SJ population. 213
Figure 6.24 Distribution of selenium in the RN population. 213
Figure 6.25 Distribution of selenium in the RN population after rejection of outliers. 214
Figure 6.26 Distribution of sodium in the SJ population. 216
Figure 6.27 Distribution of sodium in the RN population. 217
Figure 6.28 Distribution of sodium in the RN population after rejection of outliers. 217
Figure 6.29 Distribution of zinc in the SJ population. 220
Figure 6.30 Distribution of zinc in the SJ population after rejection of outliers. 220
Figure 6.31 Distribution of zinc in the RN population. 221
Figure 6.32 Distribution of zinc in the RN population after rejection of outliers. 221
xii
List of Tables
Table 1.1 Natural and contaminated boron concentrations in air (ng/m3 unless stated). 7
Table 1.2 Natural boron concentrations in water (mg/l unless stated). 8
Table 1.3 Contaminated boron concentrations in water (mg/l unless stated). 9
Table 1.4 Natural boron concentrations in soils and sediments (mg/kg unless stated). 10 
Table 1.5 Contaminated boron concentrations in soils and sediments (mg/kg unless 11 
stated).
Table 1.6 Natural boron concentrations in rocks (mg/kg unless stated). 12
Table 1.7 Tolerances of some crops to boron in irrigation water (mg/l). 14
Table 1.8 Natural concentrations of boron in plants/foodstuffs (mg/kg unless stated). 14
Table 1.9 Contaminated concentrations of boron in plants/foodstuffs (mg/kg unless 15 
stated).
Table 1.10 Natural concentrations of boron in animals/mammals (mg/kg unless stated). 18 
Table 1.11 Summary of reported sequential extraction procedures applied to the 26 
fractionation of boron in soils.
Table 2.1 Method development results for boron in plant material prepared using 49 
different digestion procedures, presented as mean ± standard deviation (pg/g).
Table 2.2 Concentration of boron in hair using three different digestion methodologies. 53 
Table 2.3 Operating conditions for elements analysed by FAAS using the PerkinElmer 56 
AAnalyst™ 400.
Table 2.4 Operating conditions for elements analysed by AES using the PerkinElmer 59 
AAnalyst™ 400.
Table 2.5 Summary of ICP-MS acquisition parameters. nM denotes an internal standard 63 
isotope.
Table 2.6 Typical operating parameters for the ICP-MS. 64
Table 2.7 Isobaric and polyatomic interferences on elements of interest in ICP-MS 65 
analysis (Vandecasteele and Block, 1993; Stone, 2006). nM denotes an internal standard.
Table 2.8 Summary of internal standards used for correcting analyte isotopes. 69
Table 2.9 Soil and sediment quality control data for NCS DC 73319, presented as mean 76 
± standard deviation for measured values and mean ± uncertainty for certified values
(pg/g).
Table 2.10 Soil and sediment quality control data for BCR601, presented as mean ± 77 
standard deviation for measured values and mean ± uncertainty for certified values
(pg/g)-
Table 2.11 Plant quality control data for boron measured in GBW 07605 and NCS DC 77 
73349, presented as mean ± standard deviation for measured values and mean ± 
uncertainty for certified values (pg/g).
Table 2.12 Quality control data for NIST SRM 1643e and TMDA 54.4, presented as 77 
mean ± standard deviation for measured values and mean ± uncertainty for certified 
values (pg/l, except *=mg/l).
Table 2.13 Hair quality control data for GBW 07601, presented as mean ± standard 78 
deviation for measured values and mean ± uncertainty for certified values (pg/g).
Table 2.14 Summary of the analytical figures of merit. 79
Table 3.1 Description of sampling sites and types for the preliminary study in San Jose 81 
de Jachal, San Juan, 2005.
Table 3.2 Boron concentrations in tap and irrigation water from the San Jose de Jachal 85 
region (mg/l). SD=standard deviation.
Table 3.3 Arsenic concentrations in tap and irrigation water from the San Jose de 87
xiii
Jachal region (|jg/l). SD=standard deviation.
Table 3.4 Calcium concentrations in tap and irrigation water from the San Jose de 88 
Jachal region (mg/l). SD=standard deviation.
Table 3.5 Magnesium concentrations in tap and irrigation water from the San Jose de 89 
Jachal region (mg/l). SD=standard deviation.
Table 3.6 Sodium concentrations in tap and irrigation water from the San Jose de 90 
Jachal region (mg/l). SD=standard deviation.
Table 3.7 Concentrations of copper, zinc and selenium in water samples from San Jose 90 
de Jachal (pg/l). SD=standard deviation.
Table 3.8 Inter-element Product Moment Correlation Coefficients (r) for the water 91 
samples. Those highlighted in red are significant at the 0.05 probability level.
Table 3.9 Comparison of water data from the San Jose de Jachal region, San Juan and 98 
Rio Negro; mg/l except As in pg/l.
Table 4.1 Description of sampling sites and types for the main study in San Jose de 103 
Jachal, San Juan, 2006.
Table 4.2 Boron concentrations in irrigation water from the San Jose de Jachal region 105 
(mg/l). SD=standard deviation.
Table 4.3 Boron concentrations in tap water from the San Jose de Jachal region (mg/l). 105 
SD=standard deviation.
Table 4.4 Arsenic concentrations in irrigation water from the San Jose de Jachal region 107 
(pg/l). SD=standard deviation.
Table 4.5 Arsenic concentrations in tap water from the San Jose de Jachal region 107 
(pg/l). SD=standard deviation.
Table 4.6 Calcium concentrations in irrigation water from the San Jose de Jachal region 109 
(mg/l). SD=standard deviation.
Table 4.7 Calcium concentrations in tap water from the San Jose de Jachal region 109 
(mg/l). SD=standard deviation.
Table 4.8 Magnesium concentrations in irrigation water from the San Jose de Jachal 110 
region (mg/l). SD=standard deviation.
Table 4.9 Magnesium concentrations in tap water from the San Jose de Jachal region 110 
(mg/l). SD=standard deviation.
Table 4.10 Potassium concentrations in irrigation water from the San Jose de Jachal 112 
region (mg/l). SD=standard deviation.
Table 4.11 Potassium concentrations in tap water from the San Jose de Jachal region 112 
(mg/l). SD=standard deviation.
Table 4.12 Sodium concentrations in irrigation water from the San Jose de Jachal 113 
region (mg/l). SD=standard deviation.
Table 4.13 Sodium concentrations in tap water from the San Jose de Jachal region 113 
(mg/l). SD=standard deviation.
Table 4.14 Concentrations of copper, selenium and zinc in river water the San Jose de 114 
Jachal region; mean ± standard deviation (pg/l).
Table 4.15 Concentrations of copper, selenium and zinc in irrigation water the San Jose 115 
de Jachal region; mean ± standard deviation (pg/l).
Table 4.16 Concentrations of copper, selenium and zinc in drinking water the San Jose 115 
de Jachal region; mean ± standard deviation (pg/l).
Table 4.17 Inter-element Product Moment Correlation Coefficients (r) for water levels in 115 
the San Jose de Jachal region. Those highlighted in red are significant at the 0.05 
probability level.
Table 4.18 Boron concentrations in soil from the San Jose de Jachal region (mg/kg). 118
SD=standard deviation.
Table 4.19 Arsenic concentrations in soil from the San Jose de Jachal region (mg/kg). 120 
SD=standard deviation.
Table 4.20 Summary of the concentrations of copper, lead and zinc in river sediments 121 
and soils from the San Jose de Jachal region (mg/kg).
Table 4.21 Summary of literature concentrations for copper, lead and zinc in sediments 122 
and soil (mg/kg).
Table 4.22 Summary of the geochemical fractionation patterns for copper, lead and 122
zinc in sediments and soil from the San Jose de Jachal region.
Table 4.23 Inter-element Product Moment Correlation Coefficients (r) for sediment 123
levels in the San Jose de Jachal region. Those highlighted in red are significant at the
0.05 probability level.
Table 4.24 Inter-element Product Moment Correlation Coefficients (r) for soil levels in 123
the San Jose de Jachal region. Those highlighted in red are significant at the 0.05 
probability level.
Table 4.25 Description of sampling sites and types from General Roca, Rio Negro. 125
Table 4.26 Boron concentrations in tap water from the General Roca region, Rio Negro 128
(mg/l). SD=standard deviation.
Table 4.27 Calcium concentrations in tap water from the General Roca region, Rio 130 
Negro (mg/l). SD=standard deviation.
Table 4.28 Magnesium concentrations in tap water from the General Roca region, Rio 131 
Negro (mg/l). SD=standard deviation.
Table 4.29 Potassium concentrations in tap water from the General Roca region, Rio 132 
Negro (mg/l). SD=standard deviation.
Table 4.30 Sodium concentrations in tap water from the General Roca region, Rio 133 
Negro (mg/l). SD=standard deviation.
Table 4.31 Concentrations of copper, selenium and zinc in river water the General Roca 134 
region; mean ± standard deviation (pg/l).
Table 4.32 Concentrations of copper, selenium and zinc in irrigation water the General 134
Roca region; mean ± standard deviation (pg/l).
Table 4.33 Concentrations of copper, lead and zinc in tap water the General Roca 134
region; mean ± standard deviation (pg/l).
Table 4.34 Inter-element Product Moment Correlation Coefficients (r) for water levels in 135
the General Roca region. Those highlighted in red are significant at the 0.05 probability 
level.
Table 4.35 Summary of the concentrations of copper, lead and zinc in sediments from 139 
the General Roca, Rio Negro region (mg/kg).
Table 4.36 Summary of the geochemical fractionation patterns for copper, lead and 139 
zinc in sediments from the General Roca, Rio Negro region.
Table 4.37 Inter-element Product Moment Correlation Coefficients (r) for sediment 140
levels in the General Roca region. Those highlighted in red are significant at the 0,05 
probability level.
Table 4.38 Summary of statistical testing between water samples from San Jose de 142
Jachal and General Roca. Y=significant difference; N=not significant. P<0.05 unless 
stated.
Table 4.39 Summary of statistical testing between sediment samples from San Jose de 142
Jachal and General Roca. Y=significant difference; N=not significant.
Table 4.40 Summary of the elements measured in water from San Juan and Rio Negro 144
(values in mg/l unless stated).
xv
Table 4.41 Summary of the elements measured in sediments and soils from San Juan 145 
and Rio Negro (mg/kg).
Table 4.42 Summary of the sequential extraction results in sediments and soils from 145 
San Juan and Rio Negro.
Table 5.1 Concentration of boron in grape juice from the San Jose de Jachal region 152 
(mg/l). SD=standard deviation.
Table 5.2 Summary of reported elemental concentrations in wine (mg/l unless stated, 156 
*=M9/I)
Table 5.3 Summary of Grubb's outlier testing for lead in the Argentina SSJ chardonnay 162 
group.
Table 5.4 Summary of Grubb's outlier testing for manganese in wine. 164
Table 5.5 Summary of Grubb's outlier testing for rubidium in wine. 165
Table 5.6 Fractionation of rubidium levels in chardonnay from Chile, New Zealand and 166 
South Africa (mg/l). SD=standard deviation.
Table 5.7 Fractionation of strontium levels in chardonnay from Chile and New Zealand 167 
(mg/l). SD=standard deviation.
Table 5.8 Inter-element Product Moment Correlation Coefficients (r) for chardonnay 169 
wine. Those highlighted in red are significant at the 0.05 probability level.
Table 5.9 Inter-element Product Moment Correlation Coefficients (r) for cabernet 169 
sauvignon wine. Those highlighted in red are significant at the 0.05 probability level.
Table 5.10 Summary of linear discriminant analysis classification accuracy for both wine 171 
varieties.
Table 5.11 Summary of t-test results for chardonnay, comparing differences between 172 
Argentina SSJ samples and other wine producing countries. Y=yes, significant 
difference; N=no significant difference; at the 0.05 probability level.
Table 5.12 Summary of t-test results for cabernet sauvignon, comparing differences 172 
between Argentina SSJ samples and other wine producing countries. Y=yes a significant 
difference, N=no significant difference, at the 0.05 probability level.
Table 6.1 Summary of the number of respondents to the health questionnaire. 178
Table 6.2 Summary of reported elemental concentrations in hair. 179
Table 6.3 Population data for boron resolved for gender (pg/g). 182
Table 6.4 F-test and t-test results for the comparison of boron concentrations and 183 
gender in the two study populations.
Table 6.5 Correlation of age and boron concentrations in the two study populations. 183
Table 6.6 F-test and t-test results for the comparison of boron concentration in hair and 183
health status in the two study populations.
Table 6.7 Arsenic concentrations in hair from San Juan, separated by location (pg/g). 185
Table 6.8 Population data for arsenic resolved for gender (pg/g). 186
Table 6.9 F-test and t-test results for the comparison of arsenic concentrations and 186 
gender in the two study populations.
Table 6.10 Population data for cadmium resolved for gender (ng/g). 189
Table 6.11 F-test and t-test results for the comparison of cadmium concentrations and 189
gender in the two study populations.
Table 6.12 Correlation of age and cadmium concentrations in the two study 190 
populations.
Table 6.13 F-test and t-test results for the comparison of cadmium concentration in 190 
hair and health status in the two study populations.
Table 6.14 Population data for calcium resolved for gender (pg/g). 192
Table 6.15 F-test and t-test results for the comparison of calcium concentrations and 193
xvi
gender in the two study populations.
Table 6.16 Correlation of age and calcium concentrations in the two study populations. 193
Table 6.17 F-test and t-test results for the comparison of calcium concentration in hair 194
and health status in the two study populations.
Table 6.18 Summary of Grubb's outlier testing on the SJ copper distribution. 195
Table 6.19 Population data for copper resolved for gender (pg/g). 196
Table 6.20 F-test and t-test results for the comparison of copper concentrations and 197
gender in the two study populations.
Table 6.21 Correlation of age and copper concentrations in the two study populations. 197
Table 6.22 Population data for iron resolved for gender (pg/g). 199
Table 6.23 F-test and t-test results for the comparison of iron concentrations and 199 
gender in the two study populations.
Table 6.24 Correlation of age and iron concentrations in the two study populations. 200
Table 6.25 Population data for lead resolved for gender (pg/g). 202
Table 6.26 F-test and t-test results for the comparison of lead concentrations and 202 
gender in the two study populations.
Table 6.27 Correlation of age and lead concentrations in the two study populations. 202
Table 6.28 F-test and t-test results for the comparison of lead concentration in hair and 203
health status in the two study populations.
Table 6.29 Population data for magnesium resolved for gender (pg/g). 205
Table 6.30 F-test and t-test results for the comparison of magnesium concentrations 205 
and gender in the two study populations.
Table 6.31 Correlation of age and magnesium concentrations in the two study 206
populations.
Table 6.32 Population data for manganese resolved for gender (pg/g). 208
Table 6.33 F-test and t-test results for the comparison of manganese concentrations 208 
and gender in the two study populations.
Table 6.34 Correlation of age and manganese concentrations in the two study 209
populations.
Table 6.35 Population data for potassium resolved for gender (pg/g). 211
Table 6.36 F-test and t-test results for the comparison of potassium concentrations and 211
gender in the two study populations.
Table 6.37 Correlation of age and potassium concentrations in the two study 211
populations.
Table 6.38 Summary of Grubb's outlier testing on the RN selenium distribution. 213
Table 6.39 Population data for selenium resolved for gender (pg/g). 214
Table 6.40 F-test and t-test results for the comparison of selenium concentrations and 215
gender in the two study populations.
Table 6.41 Correlation of age and selenium concentrations in the two study 215
populations.
Table 6.42 Summary of Grubb's outlier testing on the RN sodium distribution. 217
Table 6.43 Population data for sodium resolved for gender (pg/g). 218
Table 6.44 F-test and t-test results for the comparison of sodium concentrations and 218
gender in the two study populations.
Table 6.45 Correlation of age and sodium concentrations in the two study populations. 219
Table 6.46 Summary of Grubb's outlier testing on the SJ zinc distribution. 220
Table 6.47 Summary of Grubb's outlier testing on the RN zinc distribution. 221
Table 6.48 Population data for zinc resolved for gender (pg/g). 222
Table 6.49 F-test and t-test results for the comparison of zinc concentrations and 222
xvii
gender in the two study populations.
Table 6.50 Correlation of age and zinc concentrations in the two study populations. 223
Table 6.51 F-test and t-test results for the comparison of zinc concentration in hair and 223
health status in the two study populations.
Table 6.52 Inter-element Product Moment Correlation Coefficients (r) for the San Juan 225
population. Those highlighted in red were significant at the 0.05 probability level.
Table 6.53 Inter-element Product Moment Correlation Coefficients (r) for the Rio Negro 225
population. Those highlighted in red were significant at the 0.05 probability level.
Table 6.54 Summary of descriptive statistics of the elements measured in human scalp 226
hair from San Juan and Rio Negro (values in pg/g unless stated).
Table 6.55 Summary of the distribution information and statistical comparison of San 227
Juan and Rio Negro data sets for all elements investigated. Y=yes a significant 
difference, N=no significant difference. P=probability.
Table 6.56 Summary of the significance testing results, showing those relationships 229
which are statistically different.
xviii
Abbreviations
AES Atomic Emission Spectrometry
AW Ashed weight
CH Chardonnay
Counts/sec or cps Counts per second (intensity)
CRM Certified reference material
CS Cabernet Sauvignon
DDW Distilled Deionised Water (resistivity >18.2 Mf2 cm)
df Degrees of freedom
DL Detection limit
DW Dry weight
FAAS Flame Atomic Absorption Spectrometry
FAO Food and Agriculture Organisation
FW Fresh weight
GM Geometric mean
H20 2 Hydrogen peroxide
HCI Hydrochloric acid
HF Hydrofluoric acid
HN03 Nitric acid
hrs Hours
IAEA International Atomic Energy Agency
IC Ion Chromatography
ICP-MS Inductively Coupled Plasma Mass Spectrometry
ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry
INTA Instituto Nacional de Tecnologia Agropecuaria
IS Internal standard
M Molarity (mol/l)
m/z Mass-to-charge ratio
Max Maximum
Min Minimum
mins Minutes
N Normality/molality
nh3 Ammonia
P Probability
ppb Parts per billion (pg/l, ng/g, pg/kg)
ppm Parts per million (mg/l, pg/g, mg/kg)
PTFE Polytetrafluoroethylene
RN Rio Negro population
rpm Revolutions per minute
RSD Relative standard deviation
SD Standard deviation
SJ San Juan population
SSJ San Jose de Jachal
UV/Vis Ultra Violet/Visible
WHO World Health Organisation
www ref. Internet reference
Acknowledgements
I would like to take this opportunity to thank the numerous people who have helped 
me immensely throughout the last 4 years.
Firstly, thank you to my supervisor Prof. Neil Ward, who inspired my interest in
environmental chemistry and elemental analysis. Without this project, I wouldn't have
had the opportunity to experience the amazing country of Argentina.
Secondly, I am extremely grateful to those in Argentina who have helped enormously; 
namely: Andrea Marsilla for her help, support and translation skills in co-ordinating the 
collection of samples. Also to Daniel Allende from INTA Jachal, for his help and 
hospitality. From INTA San Juan, German Babelis, Facundo Vita and Maximiliano 
Battistella for their help in organising the grape/wine study collaboration. Finally, to all 
the kind natured Argentineans in both San Jose de Jachal and General Roca who 
donated their time (and hair!) to this work.
I would not have been able to finish this work without the perpetual and enduring
technical support from Graham Wright with the ICP-MS, affectionately known as Tina. I 
must also thank Alan Owen and his team at Alda Production Services for their 
wonderful telephone support and the two visits Alan made to Surrey, during which I 
learned so much about ICP-MS. And also to Tina, although it was a love-hate 
relationship, I wouldn't be where I am today without her.
Finally, I have a very big thank you to everyone in the labs who have all helped in their 
own way from bringing me coffee to listening to me complaining, to making me laugh 
and giving support and advice through the good and bad times, especially Claire, 
Lyndsey, Mike, Julia and Dr Lee.
xx
Chapter One -  Introduction
Chapter One 
Introduction
Chapter One -  Introduction
This chapter details the background to this research, with the main focus on boron in 
the environment and its role in human health. Typical levels of boron found in the 
environment and human tissues are reviewed. The effect of deficiency and toxicity 
status in plants and mammals is also discussed. Additionally, several other elements of 
interest with relationships to boron or are of environmental importance were also 
investigated, namely arsenic, cadmium, calcium, copper, iron, lead, magnesium, 
manganese, potassium, selenium, sodium and zinc, and these are subsequently 
evaluated.
1.1 Boron -  General Introduction
This section introduces the element boron, giving a review of literature covering its 
atomic structure, compounds, reactivity and common uses.
1.1.1 Isotopic information
Boron, atomic number 5, is found at the top of the 13th group of the Periodic Table and 
hence is a p-block element. It has two natural isotopes, 10B and n B, with natural 
abundances of 19.9% and 80.1% respectively, resulting in an atomic mass of 10.811. 
However, the ratio is known to deviate slightly depending on the type of sample (e.g. 
rocks) and its geographical location (Sah and Brown, 1998). It has been proposed that 
isotopic ratios can be used to determine the source of anthropogenic boron in the 
environment (Vengosh, 1998; Rose et at., 2000). Boron also has a number of short­
lived radioactive isotopes with half lives ranging from 0.770 s to 8x l0 ‘19 s (www ref. 1).
1.1.2 Boron compounds and reactions
Boron compounds have been known for many centuries, possibly even dating back to 
Babylonian times over 4000 years ago (Gale, 1961; Woods, 1994). However, it was not 
isolated and identified until 1808 by Sir Humphrey Davy (England) and Joseph-Louis 
Gay-Lussac and Louis Jaques Thenard (France) (Gale, 1961). Elemental boron is a solid 
at room temperature and can exist as two forms: black monoclinic crystals or a 
yellow/brown amorphous powder. However, elemental boron is not found in nature 
due to its reactivity and has limited uses (Howe, 1998).
Boron has an electron configuration of ls 22s22p1 (Lee, 1991). The most significant 
oxidation state is +3 but BX3 compounds are electron deficient and so can form
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coordinate bonds by accepting an electron pair from another atom (Lee, 1991; Power 
and Woods, 1997; Argust, 1998). The bonding in B(III) compounds is predominately 
covalent in character due to the high ionisation energies for the three valence electrons 
which is not regained from the lattice energy in ionic compounds (Power and Woods,
1997). The coordination number for boron compounds is typically 3 or 4.
The boranes are an extensive group of compounds composed of boron and hydrogen 
which have played a large role in modern chemistry, contributing particularly to the 
molecular orbital theory and organic synthesis (Power and Woods, 1997). Boron also 
reacts with metals, halides, oxygen and nitrogen (Shriver et aL, 1994). A significant 
review of boron chemistry was published in Chemical Reviews as an entire issue, to 
which the reader is referred (Hermanek, 1992).
The aqueous chemistry of boron is strongly related to concentration and pH (Woods, 
1994). Dilute boric acid solutions only contain boric acid, B(OH)3 or H3B03, and borate, 
B(OH)4", species, the proportion of which is pH dependent as shown in Figure 1.1 
(Darbouret and Kano, 2000).
pH
Figure 1.1 The distribution of boric acid in solution at various pH values (Darbouret and Kano,
2000).
Boric acid is a weak acid with a pKa of 9.2 (Darbouret and Kano, 2000). Rather than 
the dissociation of H+, boron accepts an OH" leaving H+ in solution, as shown in 
Equation 1.1.
Equation 1.1 B(OH)3 + H20  «-> B(OH)4"+ H+
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However, when the concentration exceeds 0.025 M, polyborate ions form, such as the 
following molecules: B30 3(0H)4", B30 3(0H)5', B40 5(0H)4‘ and B50 6(0H)4' (Woods, 1994; 
World Health Organisation, 2003a). The formation of these is also dependent on pH 
and is depicted in Figure 1.2.
PH
Figure 1.2 Effect of pH on polyborate species (0.40 M boric acid) (Woods, 1994).
1.1.3 Uses of Boron
Boron and its compounds have found uses in numerous products and industries. Some 
common applications are given below (Lee, 1991; Moseman, 1994; Shriver et a/., 
1994; Woods, 1994; Nielsen, 1997; Power and Woods, 1997; Sah and Brown, 1997a; 
Downing eta!., 1998; Parks and Edwards, 2005):
• increases the hardenability of steel;
• flux in brazing and silver soldering;
• corrosion inhibition;
• semiconductor dopants;
• control rods in nuclear reactors;
• catalyst;
• abrasives;
• adhesives;
• fire retardants;
• fibreglass, glass and ceramics;
• wood preservatives;
• herbicides and insecticides;
• fertilisers;
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• disinfectants, detergents, washing powders and bleaches;
• cosmetics; and
• medicine/pharmaceuticals (for example, tumour inhibition, serum cholesterol 
reduction, boron neutron capture therapy).
1.2 Boron in the Environm ent -  Natural and Anthropogenic
Boron is a ubiquitous element in the environment and although its concentration is 
generally low, it is highly variable (Kabata-Pendias and Pendias, 1984; Woods, 1994). 
Major ore deposits are predominately found in arid/semi-arid climates and areas of 
volcanic activity, such as the USA, Turkey, the Andes, Peru, the Alpine-Himalayan 
plateau, Russia, China and southern Australia (Woods, 1994; Banuelos et at., 1995; 
Argust, 1998; Howe, 1998). The most abundant boron ore is tourmaline, an aluminium 
borosilicate, but it is not a particularly useable source (World Health Organisation,
1998). Industrially, the most important ore is borax or tincal, Na2B4O7.10H2O, but it can 
also be produced from other common ores such as kernite (Na2B40 7-4H20), ulexite 
(NaCaB50 9-8H20) and colemanite (Ca2B60 ir5 H 20) (Woods, 1994).
Boron is essential for normal plant development, however there is a narrow 
concentration range between deficient, normal and toxic status, along with variation in 
tolerance between species (Warrington, 1923; Gupta et at., 1985; Nable et at., 1997). 
This is discussed further in Section 1.2.5. In mammals, boron is not considered an 
essential nutrient as a defined biochemical function has yet to be fully elucidated, but 
many research findings support its involvement in several metabolic and enzymatic 
pathways (Nielsen, 2000; Institute of Medicine, 2001). Although boron is neither 
carcinogenic nor mutagenic, cases of toxicity and poisoning have been reported 
(Dieter, 1994; World Health Organisation, 2003a). This area is discussed in greater 
depth in Section 1.2.6.
There is a small group of boron containing antibiotics, the first of which to be isolated 
and identified was boromycin from Streptomyces antibioticus (Woods, 1994; Kohno et 
a/., 1996); the structure of which is shown in Figure 1.3. Another related compound, 
aplasmomycin isolated from Streptomyces griseus, along with boromycin represent the 
only two naturally occurring metabolic products containing elemental boron (Dembitsky 
et a!., 2002). Interestingly, both have antibacterial action against gram positive
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bacteria and boromycin has been shown to inhibit the replication of the HIV-1 strain 
(Woods, 1994; Kohno eta!., 1996).
Figure 1.3 Structure of boromycin (Woods, 1994).
Borate minerals have been implicated in the formation of pentoses, most importantly 
ribose, under conditions found in the early stages of Earth life (Ricardo et a/., 2004). 
Under alkaline conditions and in the presence of borate, glycoaldehyde and 
formaldehyde, the following were produced: D-ribose, D-arabinose, D-xylose and D- 
lyxose. Without borate, a brown tar was formed. Ribose forms part of the RNA and 
DNA backbone and generally cannot be substituted by other compounds without losing 
stability of the structure, leading to the theory that this reaction could be the 
beginnings of life (Benner, 2004; Ricardo etal., 2004).
In bacteria, a method of communication called 'quorum sensing' uses molecules to 
coordinate behaviour and to determine population size (Chen et ah, 2002; Dembitsky 
et a/., 2002). One of these molecules, called 'AI-2', is produced by a wide range of 
species and is thought to facilitate cross-species signalling. Chen and co-workers
(2002) modelled the structure of AI-2 and believe the complex contains a borate 
diester ligand, indicating a possible biological role for boron.
The following sections (1.2.1 to 1.2.6) describe the sources, typical concentrations and 
effects of boron in the environment, both natural and anthropogenic. Additionally, the 
levels of boron commonly found in animal and human tissues and its postulated 
actions are reviewed.
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1.2.1 Air
Levels of boron in the atmosphere are relatively low, with the major natural input 
sources from sea water evaporation and volcanic activity (Argust, 1998; World Health 
Organisation, 1998). It is estimated that 65-85% of atmospheric boron is from ocean 
evaporation and 6-15% from volcanic emission (Anderson et at., 1994). Particulates 
also play a role in the atmospheric cycling of boron (World Health Organisation, 1998). 
Howe (1998) reports a maximum level of 80 ng/m3, which is approximately 0.18 ppb.
Anthropogenic release of boron into the atmosphere occurs from many sources due to 
the volatility of its compounds. Mining, industrial manufacturing and electricity 
generation are the major inputs (Senesi et ah, 1999).
Limited data regarding boron concentrations in the atmosphere are available. Some 
reported concentrations are given in Table 1.1.
Table 1.1 Natural and contaminated boron concentrations in air (ng/m3 unless stated).
Sample Country Mean
(ng/m3)
Range
(ng/m3)
Reference
Air - 4 (Bowen, 1979)
Air - 20 <0.5-80 (Howe, 1998)
Air over oceans “ 1.7xl0 '4
mg/m3
“ (Malina, 2004)
Contaminated air Europe 3.5 - (Bowen, 1979)
Contaminated air North
America
4 (Bowen, 1979)
Contaminated air Hawaii or 
Etna volcano
680 “ (Bowen, 1979)
Dust from air 
samples
UK (London) “ 0.3-25
mg/kg
(Bowen, 1979)
Dust from borate 
processing factory
USA ” 0.02-0.45
mg/m3
(Wegman eta!., 1994)
1.2.2 Water
Boron concentrations in natural fresh waters are generally low and typically below 1 
mg/l, although levels reaching 350 mg/l have been recorded in arid regions of the USA 
(Howe, 1998). As has been discussed above, the aqueous chemistry of boron is related 
to concentration and pH. In natural systems, the predominant species in fresh and sea 
water is undissociated boric acid [B(OH)3] (Bowen, 1966; Bowen, 1979). Volcanic 
activity and the weathering of boron containing rocks and soil are the major routes of 
entry into the aqueous environment (Coughlin, 1998; Malina, 2004). The reported 
concentrations of boron found in various water types are given in Table 1.2.
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Table 1.2 Natural boron concentrations in water (mq/l unless stated).
Sample Location Mean (mg/l) Range (mg/l) Reference
Fresh water - 0.013 - (Bowen, 1966)
- 15 pg/l 7-500 pg/l (Bowen, 1979)
- - <0.01-1.5 (Woods, 1994)
- 10 pg/l - (Ward, 2000)
UK - 0.05-0.82 (Coughlin, 1998)
Surface fresh - - <0.1-0.5 (Howe, 1998)
water Europe <0.6 <0.001-2 (World Health 
Organisation, 2003a)
- - 0.1-0.3 (Gupta eta!., 1985)
- - 0.01-0.1 (Argust, 1998)
Canada 0.16 - (Coughlin, 1998)
USA - 0.01->2 (Coughlin, 1998)
River water - 0.013 0.01-1 (Bowen, 1966)
Germany
10 pg/l
0.1-0.48
(Ward, 2000) 
(Coughlin, 1998)
Argentina & Min. <0.3 Max. 4-26 (World Health
Chile Organisation, 2003a)
Sea water - 4440 pg/l - (Bowen, 1979)
- 4.6 mg/kg - (Stone, 1990)
- 5000 pg/l - (Ward, 2000)
- 4.6 0.5-9.6 (Woods, 1994)
” “ 1-10 mg/kg (Power and Woods, 
1997)
Water (high USA - 5-15 (Howe, 1998)
natural levels) USA, arid 
conditions
- 150-350
Drinking water USA 0.15 0.005-2 (Coughlin, 1998)
Chile - 0.31-15.2 (Coughlin, 1998)
Germany 0.02 <0.01-0.18 (Coughlin, 1998)
Chile, USA, <0.4 0.01-15 (World Health
UK, Germany, Organisation, 2003a)
Bottled mineral Germany 0.36 (max 2.1) - (Coughlin, 1998)
water USA and 
Europe
0.75 <0.0045-4.35
The values for drinking water also show that boron is not affected by conventional 
treatment methods as the concentrations are consistent with other natural levels. The 
World Health Organisation recommends a maximum drinking water level of 0.3 mg/l 
(World Health Organisation, 2006a).
Anthropogenic sources of boron enter the hydrological cycle through agricultural 
irrigation and fertilisation, leachate from waste decomposition and detergents and 
bleaches containing sodium perborate (Nable et a/., 1997; Argust, 1998; Parks and 
Edwards, 2005). Ground water in industrial and commercial areas has been reported to
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contain higher boron concentrations compared to undeveloped areas, along with other 
differences such as specific conductance, pH and levels of carbon dioxide, calcium, 
magnesium and strontium (Moss and Nagpal, 2003). The generation of electricity 
through the burning of coal and oil produces liquid effluents contaminated with several 
pollutants including boron (Moss and Nagpal, 2003). Table 1.3 reports concentrations 
of boron found in contaminated water.
Table 1.3 Contaminated boron concentrations in water (mg/l unless stated).
Sample Country Mean (mg/l) Range (mg/l) Reference
Wastewater - - 0.5-1 (Vengosh, 1998)
USA 46.5 - (Ye et at., 2003)
Raw wastewater - - <0.123-20.0 (Senesi eta/., 1999)
Sewage water Scandinavia - 0.4-0.7 mg/kg (Moss and Nagpal,
2003) ~
Landfill leachate - - 1-10 (Parks and Edwards,
2005)
Cooling pond water - - 3-100 (Parks and Edwards,
(power plant) 2005)
Treatment plant - 0.1-2.8 (Moss and Nagpal,
effluent 2003)
1.2.3 Soil and Sediment
Soil is an important environmental matrix and is defined as "a complex heterogeneous 
medium comprising of mineral and organic solids, aqueous and gaseous components" 
(Alloway, 1990). Boron can enter soil naturally through atmospheric deposition, rock 
weathering, decomposition of organic matter and water systems (Argust, 1998; Parks 
and Edwards, 2005). It is regarded as the most mobile element among the 
micronutrients and, along with its high solubility, movement in soils will coincide with 
the water course (Kabata-Pendias and Pendias, 1984). Table 1.4 summarises typical 
natural concentrations of boron in soils and sediments.
Boron is adsorbed and precipitated on the surfaces of soil particles (Gupta eta/., 1985; 
World Health Organisation, 1998). Adsorption is dependant on the soil type, pH, 
salinity, organic matter content, clay content and iron and aluminium oxide/hydroxyl 
content (Howe, 1998; Yermiyahu et at., 2001). This adsorption can be both reversible 
and irreversible which can cause problems with bioavailability (Gupta et a/., 1985; 
World Health Organisation, 1998). Boron adsorption may be quantified through the use 
of Langmuir and Freundlich isotherms, however, it is the boron in the soil solution 
which is of highest importance as it is the major form available for use by plants 
(Gupta eta!., 1985; Banuelos eta!., 1993).
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Table 1.4 Natural boron concentrations in soils and sediments (mg/kg unless stated).
Sample Country Mean
(mg/kg)
Range
(mg/kg)
Reference
Soil - 20 2-270 (Bowen, 1979)
- - 10-20 www ref. 2
- 10 2-100 (Bowen, 1966)
- - 7-80 (Bingham, 1982)
- 10-20 2-100 (Woods, 1994)
- 30 10-300 (Howe, 1998)
UK 9.0 - (Ward and Savage, 1994b)
- Low <10 - (Power and Woods, 1997)
High 10-100
Surface soils - 9-85 1-467 (Kabata-Pendias and
Pendias, 1984)
- 30 8-140 (Ward, 2000)
Sediment British - 2.83-20.5 (Moss and Nagpal, 2003)
Columbia (DW)
(DW)=Dry weight.
Boron deficiency is a large worldwide problem in agriculture as less than 5% of soil 
boron is available for uptake by plants (Gupta eta/., 1985). This is confounded by the 
narrow range between deficiency and normal growth. Boron toxicity is a much rarer 
situation, typically occurring in arid/semi-arid regions. Soil concentrations exceeding 
400 ppm have been recorded which would cause severe damage to many plant 
species; in some instances 4 ppm can be toxic (Bowen, 1979; Ponnamperuma et a/., 
1981; Kabata-Pendias and Pendias, 1984). Deficiency and toxicity in agriculture is dealt 
with in greater detail in later sections, namely 1.4 and 1.5.
Sediments also tend to adsorb boron from the aqueous phase, forming an 
environmental store and eventually contributing to levels in sedimentary rocks (World 
Health Organisation, 1998).
Anthropogenic sources of boron in soils include fertilizers, liming products, 
agrochemicals, sewage sludges, irrigation water and atmospheric deposition from 
industrial, urban and road emissions (Senesi et a/., 1999). The use of water containing 
large quantities of boron for irrigation is the most important contributor to soil levels 
and often high salinity exacerbates the problem (Nable et a/., 1997). Some reported 
levels of boron contamination in soils are given in Table 1.5.
Analysis of some fertilisers found boron concentrations of 140-185 mg/kg in 
superphosphate, triple superphosphate and NPK compounds (Senesi et a/., 1999).
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Composted municipal wastes can contain up to 245 mg/kg B which is used directly for 
soil amendments but also poses risk of water contamination from leachate (Senesi et 
at., 1999). Fly ash from power generators and incinerators is also used as a soil 
ameliorant to adjust physical and chemical properties of soils, but the composition of 
the ash can contain varying levels of boron (Nable et a!., 1997; Matsi and Keramidas, 
1999).
Table 1.5 Contaminated boron concentrations in soils (mg/kg unless stated).
Sample Country Mean
(mg/kg)
Range
(mg/kg)
Reference
Source: sewage sludge - 15-1000 (Kabata-Pendias and 
Pendias, 1984)
USA *“ 7.1-53.3 (World Health 
Organisation, 1998)
Source: phosphate 
fertilizer
“ 5-115 (Kabata-Pendias and 
Pendias, 1984)
Source: limestone “ 10 ” (Kabata-Pendias and 
Pendias, 1984)
Source: manure " 0.3-0.6 (Kabata-Pendias and 
Pendias, 1984)
Topsoil from open 
mining
“ 96 “ (Nable eta/., 1997)
Soil, extreme ranges - - <0.2-1000 (Senesi eta/., 1999)
Fly ash amended soils - 700 - (Nable eta/., 1997)
Fly ash USA 33 (AW) 
240 (AW)
“ (Moss and Nagpal, 2003)
(AW)=Ashed weight.
1.2.4 Rocks and Geochemistry
Rocks are an important factor in geochemical cycling and pedogenesis (soil formation). 
Therefore the elemental composition of rocks will have a major effect on the soil 
constituents (Bingham, 1982). Boron is typically found in silicate structures.
The erosion of rocks also plays a role in the fractionation of boron isotopes in the 
environment. Rose et at. (2000) studied river water in the Himalayas, where the 
primary ion source is from weathering, showing the variation in isotopic ratios 
depending on the local rock type. Boron isotope ratios are typically reported as 5n B, 
which is calculated using Equation 1.2 (Sah and Brown, 1998; Rose et at., 2000). The 
standard used is National Institute of Standards and Technology (NIST) Standard 
Reference Material (SRM) 951 boric acid, which has a certified n B/10B ratio of 4.04362 
± 0.00137 (Wieser et a/., 2001). Fractionation has also been reported in coffee beans 
and can be used to identify sources of anthropogenic contamination (Vengosh, 1998; 
Wieser eta!., 2001).
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S 11B (% o) =
Equation 1.2
x 1000
Some typical concentrations found in various rock categories are reported in Table 1.6 
below.
Table 1.6 Natural boron concentrations in rocks (mg/kg unless stated).
Sample Country Mean
(mg/kg)
Range
(mg/kg)
Reference
Mean crust (I) - 10 - (Bowen, 1979)
- 10 - (Bingham, 1982)
- 9 - (Lee, 1991)
- 10 - (Woods, 1994)
Igneous rocks - 10 - (Bowen, 1966)
- - 5-15 (Bingham, 1982)
Mean basalt (I) - 8 - (Bowen, 1979)
- 5 - (Woods, 1994)
Mean granite (I) - 12 - (Bowen, 1979)
Sedimentary rocks - 100 - (Bowen, 1979)
- - 20-100 (Bingham, 1982)
Sandstones (S) - 35 - (Bowen, 1966)
- 30 - (Bowen, 1979)
- 30 - (Kabata-Pendias and 
Pendias, 1984)
Limestone (S) - 20 - (Bowen, 1979)
Limestone, dolomites - - 20-30 (Kabata-Pendias and
(S) Pendias, 1984)
Argillaceous - 120 - (Kabata-Pendias and
sediments (S) Pendias, 1984)
Shale (S) - 130 - (Bowen, 1979)
- 100 - (Bingham, 1982)
- 130 - (Kabata-Pendias and 
Pendias, 1984)
- 100 - (Woods, 1994)
(I)=Igneous; (S)=Sedimentary.
In general, rocks are not a major source of anthropogenic input. Fertilisers derived 
from phosphate or carbonate rocks can often contain high levels of boron (Senesi et 
at., 1999). Coal can contain between 13-92 mg/kg of boron (ashed weight) and, as 
mentioned previously, the production of fly ash from coal combustion can be used as a 
soil amendment (Moss and Nagpal, 2003).
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1.2.5 Plants and Foodstuffs
It was established in the 1920s that boron is essential for normal development of 
higher plants and cannot be replaced by any other element (Warrington, 1923; 
Moseman, 1994). Its role has been implicated in several functions but the exact mode 
of action has yet to be elucidated. Some postulated functions are: sugar transport, 
seed set and normal fruit development, cell division, cell wall synthesis and 
lignification, cell wall structure, protein synthesis, carbohydrate metabolism, RNA 
metabolism, respiration, indole acetic acid metabolism, phenol concentration control, 
membrane functions, and integration of phosphorus in RNA and DNA synthesis (Gupta 
et at., 1985; Blevins and Lukaszewski, 1994; Woods, 1994). Interactions with other 
elements, e.g. calcium, manganese, and enzymes, have also been proposed (Blevins 
and Lukaszewski, 1994; Woods, 1994; Carpena eta/., 2000). It is known that boron, in 
combination with calcium and sucrose, is definitely involved in pollen germination but 
the full mechanism has yet to be revealed (Blevins and Lukaszewski, 1994).
The requirements for boron vary greatly between species. Monocotyledons (e.g. corn, 
rice and wheat) usually require less than dicotyledons (e.g. fruits, vegetables, tubers 
and legumes), as monocotyledons have a reduced absorptive capacity for boron 
(Gupta eta/., 1985; Hunt eta/., 1991). Also, there can be variation between species at 
the genetic level (Gupta eta/., 1985; Nable eta/., 1997; Banuelos et a/., 1999). Some 
tolerances and guidelines for irrigation water quality are given in Table 1.7 for various 
agricultural crops. The information is taken from a combination of sources and hence 
some crops overlap the boundaries, again highlighting the disparity of tolerances 
within species.
The amount of boron consumed in the average human diet is estimated at 0.55-2.12 
mg/day across all age groups, sex and countries (Rainey and Nyquist, 1998; Hunt and 
Meacham, 2001). An intake of 1-15 mg/day is considered tolerable and does not cause 
side effects (§im§ek et a/., 2003). Good sources of boron are nuts, raisins, fresh fruits 
and vegetables (in particular avocado, apples, grapes, potatoes), dried fruits, chocolate 
powder, coffee and milk/dairy products (Institute of Medicine, 2001; §im§ek et a/., 
2003). Gormican (1970) and Hunt et a/. (1991) provide comprehensive reviews of 
boron in foodstuffs and personal care products. Some reported values of boron in 
plants and food stuffs are presented in Table 1.8.
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Table 1.7 Tolerances of some crops to boron in irrigation water (mg/l). Taken from Gupta et 
a!., 1985; Ayers and Westcot, 1994; Nable et a!., 1997; Saleh eta!., 1999; Moss and
Nagpal, 2003.--
Tolerance Concentration of B in 
irrigation water (mg/l)
Agricultural Crop
Very sensitive <0.5 blackberry, avocado, apple, bean, walnut, 
pear, grape, lemon
Sensitive 0 . 5 - 1.0 peach, cherry, plum, pear, apple, grape, 
orange, strawberry, fig, onion, garlic, 
sweet potato, wheat, barley, sunflower, 
sesame, kidney bean, walnut, pecan
Moderately sensitive 1.0 - 2.0 bell pepper, pea, carrot, radish, potato, 
cucumber, oat, tomato, pumpkin, 
sunflower, olive
Moderately tolerant 2 .0 -4 .0 lettuce, cabbage, celery, turnip, carrot, 
onion, oat, corn, artichoke, tobacco, 
mustard, clover, squash, alfalfa, sugar beet
Tolerant 4.0 -  6.0 sorghum, tomato, alfalfa, purple vetch, 
parsley, red beet, sugar beet
Very tolerant 6.0 -  15.0 asparagus, cotton
Table 1.8 Natural concentrations of boron in plants/foodstuffs (mg/kg unless stated).
Sample Country Mean
(mg/kg)
Range
(mg/kg)
Reference
Grasses UK 26 (DW) - (Kabata-Pendias and
USA 7.4 (DW) <5-20 (DW) Pendias, 1984)
Clover Japan 21 (DW) 12-35 (DW) (Kabata-Pendias and
USA 22 (AW) 10-70 Pendias, 1984)
Land plants - 50 - (Bowen, 1966)
- - 11-140 (Bowen, 1979)
Plants - - 10-100 (DW) (Power and Woods, 
1997)
- 5 (DW) 1-30 (DW) (Ward, 2000)
Kale - 49 - (Bowen, 1979)
Seaweeds - 248 - (Argust, 1998)
Marine algae - - 100-160 (Bowen, 1979)
Bryophytes - 20 - (Bowen, 1966)
- - 10-27 (Bowen, 1979)
Ferns - 77 - (Bowen, 1979)
Mosses Poland 3.4 (DW) - (Kabata-Pendias and 
Pendias, 1984)
Fungi - 5 - (Bowen, 1966)
- 16 - (Bowen, 1979)
Poland - 0.8-6.4 (DW) (Kabata-Pendias and 
Pendias, 1984)
Alfalfa New Zealand 26 (DW) 6-120 (DW) (Kabata-Pendias and
USSR 40 (DW) 32-50 (DW) Pendias, 1984)
Sweet corn grains “ 1.5 (DW) - (Kabata-Pendias and 
Pendias, 1984)
Cabbage leaves “ 14 (DW) “ (Kabata-Pendias and 
Pendias, 1984)
Lettuce leaves “ 1.3 (DW) " (Kabata-Pendias and 
Pendias, 1984)
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Table 1.8 continued
Sample Country Mean Range Reference
(mg/kg) (mg/kg)
Onion bulbs - 10 (DW) (Kabata-Pendias and
Pendias, 1984)
Potato - 6.1 (DW) - (Kabata-Pendias and
Pendias, 1984)
Tomato - 6 (DW) - (Kabata-Pendias and
Pendias, 1984)
Apple - 8.3 (DW) - (Kabata-Pendias and
Pendias, 1984)
Orange - 9.4 (DW) - (Kabata-Pendias and
Pendias, 1984)
Grape - 40 - (Moseman, 1994)
Cows milk - 0.02 - (Moseman, 1994)
Barley - 2.3 (DW) - (Moseman, 1994)
Sugar beet - 76 (DW) - (Moseman, 1994)
White flour - 0.45 - (Moseman, 1994)
Brown flour - 1.6 - (Moseman, 1994)
Wine - 10 - (Richold, 1998)
Finland 8.5 - (Nielsen et at., 1988)
Meat - 0.05 - (Richold, 1998)
Fish - 0.1 - (Richold, 1998)
Cheese - 0.2 - (Richold, 1998)
Fruit - 30 - (Richold, 1998)
Vegetable - 30 - (Richold, 1998)
Cereal - 18 - (Richold, 1998)
(AW)=Ashed weight; (DW)=Dry weight.
As previously discussed (Section 1.2.3), there are many human activities which
influence elemental levels in the environment, but it is the plant kingdom which is at 
greatest risk due to its sensitivity to boron. If the concentration in water or soil is too 
high, toxicity symptoms arise and some species may not germinate (Banuelos et at.,
1999). This is discussed further in Section 1.4.1.
There is very little quantitative data regarding the anthropogenic inputs of boron in the 
environment. Table 1.9 reports the concentrations in pine needles grown near a boiler 
house and maple leaves from an area near appliance and fibreglass manufacturing 
plants (Howe, 1998).
Table 1.9 Contaminated concentrations of boron in plants/foodstuffs (mg/kg unless stated).
Sample Country Mean
(mg/kg)
Range
(mg/kg)
Reference
Monterey pine 
needles
New Zealand 200 (Howe, 1998)
Maple foliage Canada - 700-1200 (Howe, 1998)
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1.2.6 Animal and Human Health
Boron is not recognised as an essential element to animals or humans. However, it has 
been shown to have an effect on processes in the body, although the mechanisms of 
its action have yet to be fully elucidated. These effects are also generally secondary 
results of a coexistent nutritional disorder, e.g. vitamin D3 deficiency, calcium and 
magnesium deficiency, adding to the complexity of its action (Institute of Medicine,
2001). The postulated functions of boron are listed below (Nielsen et a!., 1988; 
Havercroft and Ward, 1991; Nielsen and Shuler, 1992; Hunt, 1994; McCoy eta/., 1994; 
Newnham, 1994; Nielsen, 1997; Hunt, 1998; Penland, 1998; Samman et a/., 1998; 
Institute of Medicine, 2001; Nielsen, 2008):
• macromineral metabolism, particularly magnesium, calcium and phosphorus;
• vitamin D3 (cholecalciferol) utilisation;
• inflammatory disease;
• bone development;
• oestrogen metabolism;
• effects functions of at least 26 enzymes (e.g. glycolosis, insulin, superoxide 
dismutase);
• immune function;
• energy utilisation;
• cholesterol metabolism;
• testosterone concentration;
• steroid hormone synthesis; and
• brain function -  psychomotor control and cognitive performance.
At physiological pH (approximately 7.4), boron is found predominately as undissociated 
boric acid and is metabolised by the body; typically greater than 90% of the dose is 
absorbed across the gut wall and excreted largely in the urine, with an approximate 
biological half life of 21-29 hours (Moseman, 1994; Hunt, 1998). However, in 
laboratory trials, after administering large doses of boron, levels do not appear to 
return to pre-exposure levels even weeks after removal from the trial and can 
bioaccumulate in animal tissues (Moseman, 1994; Malina, 2004). An upper limit of 5% 
boric acid is ruled safe by the US Food and Drug Administration for use in cosmetics 
and in ophthalmic preparations, but is not suitable as a skin protector, oral 
antimicrobial or anorectal antiseptic, as it can easily be absorbed by damaged skin and 
mucous membranes (Dieter, 1994).
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Although boron is not a carcinogen or mutagen, it has demonstrated teratogenic 
behaviour in frogs, zebra fish and trout, but not consistently in rodent models (Dieter, 
1994; Fort et a/., 1998; Lanoue et al., 1998; Rowe et at., 1998; Institute of Medicine, 
2001; World Health Organisation, 2003a). Massie (1994) reported that high boron 
levels reduced the life span of several laboratory mammal species. However, toxic 
effects have been recorded in high risk occupations such as borax workers and in test 
animals (Chapin and Ku, 1994; Moseman, 1994). There are a small number of reported 
fatalities with respect to boron poisoning due to accidental overdoses (Moseman, 1994; 
World Health Organisation, 2003a).
The concentration of boron found in various animal and mammal tissues are given in 
Table 1.10. However, it should be noted that there is a limited amount of data 
available, with no studies investigating the effect of naturally high levels of boron on 
animals/mammals.
1.3 Boron Deficiency
1.3.1 Deficiency in the Environment
The problem of boron deficiency in agricultural soils is relatively common globally due 
to the narrow range for healthy plant development and the ubiquitous nature of boron 
distribution in the environment. Additionally, the amount of plant available boron is 
approximately 5% of the total soil concentration and this available boron is also easily 
leached (Gupta eta/., 1985). The composition of the soil is another important factor as 
boron has a high affinity for the organic matter which affects the level of plant 
accessible boron (Yermiyahu et a/., 2001). Other factors include pH, soil moisture, 
temperature and clay mineralogy (Howe, 1998). Saline soils may also contribute to 
boron deficiency as often roots will reject soil solution in order to prevent toxic levels of 
salt reaching the plant.
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Table 1.10 Natural concentrations of boron in animals/mammals (mg/kg unless stated).
Sample Country Mean
(mg/kg)
Range
(mg/kg)
Reference
Animal tissues
Mammal bones - <5 - (Bowen, 1966)
Animal tissues - 0.3 (DW) - (Power and Woods, 1997)
Animal liver - <0.07 - (Argust, 1998)
Human tissues
Brain - <0.6 - (Bowen, 1966)
Heart - 0.2 - (Bowen, 1966)
Kidney - <0.5 - (Bowen, 1966)
- - 0.9-2.6 (Bowen, 1979)
- 0.5 - (Ward, 2000)
Liver - 0.48 - (Bowen, 1966)
- - 0.4-2.3 (Bowen, 1979)
- 1 - (Ward, 2000)
Muscle - 0.31 - (Bowen, 1966)
- - 0.33-1 (Bowen, 1979)
Lung - 0.24 - (Bowen, 1966)
Bone - - 1.1-3.3 (Bowen, 1979)
- 61 (AW) 16-138 (AW) (Moseman, 1994)
Hair - 5 - (Bowen, 1979)
“ 4.30 (FW) 0.83-10.19
(FW)
(Abou-Shakra eta/., 1989)
- 1 - (Ward, 2000)
- 0.88-0.98 (Pozebon eta!., 1999)
Sweden 0.67 0.13-3.30 (Rodushkin and Axelsson, 
2000b)
Poland 2.04 - (Chojnacka eta/., 2005)
0.54 0.26-1.87 (Goulle eta/., 2005)
Nails - 33 - (Bowen, 1979)
Finger nails - 15.2 (FW) 7.4-82.7 (Abou-Shakra eta/., 1989)
Toe nails (FW)
“ 17.9 (FW) 7.6-57.4
(FW)
(Abou-Shakra eta/., 1989)
Blood - - 0.03-0.4 (Power and Woods, 1997)
Whole blood - 26 pg/l 14-44 pg/l (Goulle eta/., 2005)
- 56.7 pg/l 8.4-170.4
pg/l
(Abou-Shakra eta/., 1989)
Blood serum - 22.3 pg/l 8.3-48.1 pg/l (Abou-Shakra eta/., 1989)
- 1 - (Ward, 2000)
Blood plasma - 0.12 mg/l - (Bowen, 1979)
- 36 pg/l 19-79 pg/l (Goulle eta/., 2005)
Urine - 753 pg/l 155-2888
pg/i
(Abou-Shakra eta/., 1989)
647 pg/l 282-2072
pg/i
(Goulle eta/., 2005)
(AW)=Ashed weight; (DW)=Dry weight; (FW)=Fresh weight.
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Deficiency symptoms in plants are normally seen at the new and developing points -  
stem tips, root tips, new leaves and flower buds (Gupta et at., 1985). Boron is also 
required for reproduction and a deficiency can cause reduced fruit and seed sets 
(Brown and Shelp, 1997). In trees, needles often show deformations and 
discolouration along with shoot growth and root development retardation (Stone, 
1990). According to Blevins and Lukaszewski (1994), boron deficiency alters the 
plasmalemma of root cells, causing decreased absorption of potassium, chloride and 
rubidium, and cessation of root growth. The build up of sugars is another problem 
thought to be due to reduced sugar consumption and inhibition of sugar transport 
mechanisms (Blevins and Lukaszewski, 1994).
In some parts of the world, boron is added to fertiliser to ensure sufficient availability 
for the normal development of crops.
1.3.2 Deficiency in Mammals
The influence of boron in mammalian nutrition was a relatively recent discovery by 
Forrest Nielsen and Curtiss Hunt in the early 1980s and almost accidental whilst 
investigating the effects of arsenic in chicks (Hunt and Nielsen, 1981; Nielsen, 1997). 
However, a biological role has still yet to be conclusively established although 
relationships between boron and other nutrients have been recognised. In mammals, 
the metabolism of calcium, magnesium, phosphorus and vitamin D3 (cholecalciferol) is 
affected by boron deprivation in several physiological ways: decreased growth and 
bone abnormalities, brain function, absorption of minerals, antibody depression, 
increased insulin production and estrogenic effects (Nielsen et a/., 1988; Newnham, 
1991; Nielsen and Shuler, 1992; Dupre et a!., 1994; Hunt, 1994; Newnham, 1994; 
Nielsen, 1994; Penland, 1994; Nielsen, 1997; Penland, 1998).
The relationship between boron and bone health was first postulated in 1963 by 
Newnham as a result of personal anecdotal evidence which then led to more rigorous 
studies through the 1970s and 1980s (Newnham, 1981; Havercroft, 1989; Travers et 
al., 1990). Studies have shown the boron level in bone and synovial fluid is lower in 
arthritic patients than control subjects, and that supplementation with boron not only 
rectified this, but also can alleviate the symptoms (Newnham, 1981; Havercroft, 1989; 
Travers eta/., 1990; Havercroft and Ward, 1991; Newnham, 1991; McCoy eta/., 1994; 
Moseman, 1994; Newnham, 1994). Epidemiological evidence has shown that the
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estimated incidence of arthritis ranges from 20% to 70% in areas of the world where 
boron intake is 1 mg or less per day, but where boron intake is usually 3-10 mg, the 
estimated occurrence of arthritis ranges from 0 to 10% (Newnham, 1994).
Whilst recordable differences are seen when the diet is boron deficient, a normal diet 
usually contains sufficient quantities to prevent manifestation of these symptoms, 
avoiding the need for supplementation. Section 1.2.5 discussed typical human boron 
intakes and the boron content of foodstuffs. A recent review article succinctly 
summarises the relevant evidence for the nutritional requirement of boron, highlighting 
its beneficial behaviour in vivo (Nielsen, 2008).
1.4 Boron Toxicity
1.4.1 Toxicity in the Environment
Boron toxicity in natural systems is rare and tends to occur in arid and semi-arid 
regions due to the low levels of leaching from rainwater (Gupta et ai., 1985). These 
situations are often confounded by high levels of salinity and higher than normal 
concentrations of other elements such as arsenic and selenium (Gupta et ai., 1985; 
Ferreyra eta/., 1997).
Soils containing high levels of boron can occur naturally although they are rare. These 
areas include California, Peru, the foothills of the Andes in Chile, India, Russia, Israel, 
the Middle East, west Malaysia and South Australia (Nable etaL, 1997). Anthropogenic 
factors such as irrigation water, fertilisers, mining and fly ash application can also 
increase boron levels (see Sections 1.2.3 and 1.2.5) (Gupta et ai., 1985; Nable et ai., 
1997).
Crops grown in soil or irrigated using water containing significant boron levels may 
show visible symptoms of toxicity, but the concentration at which this occurs varies 
widely between species. Indications of toxicity usually show on older leaf tips and 
edges as chlorosis and/or necrosis and dark brown elliptical spots on discoloured areas 
of leaves (Gupta et ai., 1985; Nable et ai., 1997; www ref. 3). Chlorosis is the 
yellowing or whitening of normally green plant tissue caused by a decrease in 
chlorophyll due to disease or nutrient deficiency, whereas necrosis is the death of cells 
or tissues through injury or disease. The concentrations of boron in these patches are
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often higher than in surrounding tissue. These symptoms are shown in Figures 1.4 and
1.5.
Figure 1.5 Boron toxicity in plants, showing the elliptical spots (www ref. 3).
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Blevins and Lukaszewski (1994) reported that necrotic spots developed with foliar 
application of boron. They also found that foliar applications of boric acid increased 
levels of allantoic acid in leaf tissue, which is involved in fixed nitrogen transport, and 
inhibition of the manganese containing enzyme allantoate amidohydrolase 
(Lukaszewski etai, 1992).
Leaf cupping is a specific toxicity symptom related to certain plants and is thought to 
be caused by cell wall interferences (Nable et a/., 1997). Increased sensitivity to 
mildew, along with wilting and an inhibition of pollen germination and pollen tube 
growth has also been reported (Moss and Nagpal, 2003). More unusual symptoms 
occur in almond, apple, apricot, cherry, pear, peach, plum and prune such as tip die- 
back in young shoots, excess gumming and brown lesions along the stems and petioles 
(Brown and Shelp, 1997).
Some plant species have adapted to these high levels and differences in tolerance have 
developed (Ryan et at., 1998). Banuelos et at. (1999) demonstrated this by using 
Chilean and USA corn (Zeamays L.), carrots (Daucus carotas), tomato (Lycopersicum 
escu/entum L.), and alfalfa (Medicago sativa L.). The Chilean plants, which were 
sampled from a location of high boron concentration, were better adapted to high 
boron levels in the irrigation water, whereas the USA varieties showed more severe 
toxicity symptoms. Tissue concentrations were approximately 20% higher in the USA 
plants than the Chilean, indicating selective exclusion at the roots as a mechanism for 
tolerance. Other studies have shown the ability of some species to adapt to high 
boron: tall fescue (Festuca arundinacea), wild brown mustard (Brassica junacea), 
canola (Brassica napus), saltbush (Atrip/ex), milkvetch {Astragalus), barley {Hordeum 
vulgare L. ssp. vulgare), cattail {Typha latifolia L.), Thalia {Thalia dealbata Fraser ex 
Roscoe), rabbitfoot grass {Polypogon monspe/iensis) and some tree species (Banuelos 
et al., 1993; Banuelos et al., 1995; Nable et ai, 1997; Ryan et a/., 1998; Ye et a/., 
2003).
The remediation of boron laden soils is not easy. Removal of soil is not economical due 
to the quantities involved and the problem may reoccur if the geological background or 
water supply contains high concentrations. Leaching is commonly used in agriculture to 
reduce other potentially toxic nutrients, such as soluble salts. However, up to three 
times as much water is required to achieve the same reduction for boron (Gupta eta!.,
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1985; Nable eta/., 1997). This is exacerbated since the supply of boron-free water is a 
common problem. Soil amendments such as liming, gypsum and Ca(H2P04)2 have been 
used to increase the pH, hence reducing the solubility of boron and converting it to 
less soluble complexes and therefore lowering the plant availability (Nable et a/., 
1997). In laboratory experiments, a zinc deficiency can cause boron toxicity which is 
alleviated when sufficient zinc is available (Nable eta/., 1997).
As leaching is generally not feasible, the use of plant accumulators has been 
investigated as a means to remediate high concentrations of boron (Ryan eta/., 1998). 
Cruciferae (cabbage family, includes Brassica) and leguminosae (pea family, 
dicotyledons, nitrogen fixators) are known accumulators and are typically rich in B 
(Bowen, 1979). Several of the tolerant species mentioned above have been 
investigated as accumulators. Banuelos et at. (1995) determined that tall fescue was 
suitable for removing boron and other studies have shown it also quantitatively 
extracted selenium (Banuelos et a/., 1993). Babaoglu et a/. (2004) discovered several 
hyperaccumulator species in an area of Turkey surrounding a borax mine. Leaves of 
Gypsophi/a sphaerocepha/a (CaryophyHaceae) were found to contain the largest 
quantities of boron at 3345 ± 341 mg/kg. Three other species, Gypsophi/a perfo/iata 
L., Puccine/Ha c/istans (Gramineae) and E/ymus elongates {Gramineae), also had above 
average leaf concentrations 1490 ± 172, 802 ± 61 and 587 ± 104 mg/kg respectively. 
Research by Ma et a/. (2001) was recently reported a fern shown to hyperaccumulate 
arsenic, however, as Banuelos eta/. (1993) suggest, studies of this nature very rarely 
look at more than one element, which is an issue that should be addressed. Ye et a/.
(2003) have reported the use of constructed wetlands to remove high levels of boron, 
along with arsenic, selenium and cyanide.
The remediation of water, both for drinking and irrigation, has received some recent 
interest, as conventional water treatment methods do not affect the level of boron 
present (Section 1.2.2). Researchers have reported the use of hydrotalcite-like 
compounds (magnesium-aluminium double layer hydroxides) which act effectively to 
reduce the concentration of boron (Ferreira et a/., 2006; Ay et a/., 2007; Jiang et a/.,
2007). A new technology called 'electrocoagulation' which employs the use of an 
electrolytic reactor and either aluminium or iron electrodes, was shown to effectively 
and economically reduce the boron content of industrial waste water by 75% (Jiang et 
a/., 2006). However, all of these experiments were performed on the laboratory scale
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and much work and financial investment would be required for full scale treatment 
systems to be implemented (Xu and Jiang, 2008).
1.4.2 Toxicity in Mammals
Toxicity in mammals is rare due to the ease of excretion of boron and is generally the 
result of accidental exposure. A few cases of fatal poisoning have been reported, for 
example six infants died after accidentally ingesting a saturated solution of boric acid 
and a two year old child after repeated ingestion of a pesticide containing 99% boric 
acid (Moseman, 1994; World Health Organisation, 2003a). According to the World 
Health Organisation, mortality was observed in 53% of patients exposed by ingestion, 
75% of patients subjected to gastric lavage with boric acid, 68% of patients exposed 
by dermal application for treating burns, wounds, and skin eruptions, and 54% of 
patients exposed by other routes. Toxicity symptoms reported in mammals include: 
cutaneous lesions, gastrointestinal disturbances, central nervous system effects, 
seizures, vomiting, diarrhoea, abdominal pain, irritability, lethargy, reduced appetite, 
reduced growth, anorexia and depression (Moss and Nagpal, 2003; World Health 
Organisation, 2003a).
As stated previously, large quantities of boron have demonstrated teratogenic effects 
in frogs, zebra fish and trout but not consistently in rodent experiments or in studies 
with humans exposed through their occupation (Dieter, 1994; Whorton et a!., 1994; 
Fort et at., 1998; Lanoue et a/., 1998; Rowe et at., 1998; §ayli, 1998; Tuccar et a/., 
1998; Institute of Medicine, 2001; World Health Organisation, 2003a). However, 
Nielsen (1997) reported that chronic boron toxicity caused decreased seminal volume 
and sperm count and motility. However, Nielsen (1997) also stated that excess boron 
in the diet, greater than 20 pg/g, was found to delay the commencement and severity 
of arthritis in rats.
Moss and Nagpal (2003) summarise that there is limited contradictory evidence about 
the bioaccumulation and biomagnification of boron in the environment. In aquatic 
systems, organisms are not likely to accumulate and typical tissue concentrations 
reflect the water concentration; although, in dosing experiments, levels intensified in 
tissues but returned to background levels within 5-10 weeks. Birds, rats and dogs have 
demonstrated bioaccumulation resulting in cytotoxic effects.
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1.5 Speciation and Bioavailability
Speciation has been defined as "the different physico-chemical forms of an element 
which together comprise its total concentration in a given sample" (Christie, 2000); it is 
of vital importance and can determine bioavailability. For example, mercury is 
considered to be a highly toxic metal but organic forms, such as methylmercury, are 
much more toxic than inorganic forms.
There are a variety of instrumental and analytical methods for speciation analysis 
including: anodic stripping voltammetry, ion exchange, ultrafiltration, electrophoresis, 
dialysis, high performance liquid chromatography, gas chromatography, sequential 
extraction, ion selective electrodes and combined/coupled techniques (Christie, 2000; 
Caruso and Montes-Bayon, 2003). The sequential extraction methodology is very 
commonly employed to separate metals in soils and sediments into different fractions 
based on a wet chemical approach. This technique was first definitively published by 
Tessier and co-workers and divides metals into five fractions (Tessier eta!., 1979):
i) exchangeable (1 M magnesium chloride, pH 8.2);
ii) bound to carbonates (1 M sodium acetate, pH 5.0);
iii) bound with reduction phases (0.04 M hydroxylammonium chloride in 25% 
acetic acid, pH~2);
iv) bound to organic matter (30% H20 2/0.02 M HN03, pH~2, then 3.2 M 
ammonium acetate in 20% HN03); and
v) residual/neutral fraction (5:1 HF/HCI04).
The BCR three step method is a modified version of Tessier's protocol to enable the 
use of solvents which are more suitable for inductively coupled plasma spectrometric 
techniques and to significantly improve reproducibility (Quevauviller et at., 1997; 
Rauret et a!., 1999). The procedure has been extensively utilised and the reader is 
referred to a recent in-depth review article for further insight (Bacon and Davidson,
2008). The four fractions produced are:
i) exchangeable and bound to carbonates (0.11 M acetic acid);
ii) bound to iron-manganese oxides (0.5 M hydroxylammonium chloride in 0.05 M 
HN03);
iii) bound to sulphides and organic matter (30% H20 2, then 1 M ammonium 
acetate, pH 2.0); and
iv) residual (3:1 HCI/HN03).
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The exchangeable fraction is of considerable importance with respect to plant 
availability and uptake as this represents the most mobile phase for element transport. 
Therefore there is a need to understand boron mobility in soils. There have been few 
studies investigating the fractionation of boron in soils and none employing the BCR 
three step approach. This work is the first to apply the BCR methodology to boron in 
soils and sediments. The previous researchers used Tessier-type procedures, but with 
modifications using a variety of different extractants which are summarised in Table 
1.11.
Table 1.11 Summary of reported sequential extraction procedures applied to the fractionation 
of boron in soils.
Reference Fraction Extractants
(Jin eta/., 1987) 
(Xu eta/., 2001)
i) Non-specifically adsorbed 
plus water soluble
ii) Specifically adsorbed
iii) Mn-oxyhydroxides
iv) Amorphous Fe and Al 
oxides
v) Crystalline Fe and Al 
oxides
vi) Residual
0.02 M calcium chloride
0.02 M mannitol in 0.02 M calcium chloride 
0.1 M hydroxylammonium chloride in 0.01 
M HN03
0.2 M ammonium oxalate in the dark 
0.2 M ammonium oxalate under UV light 
HCI/HNO3/HF digestion
(Hou eta/., 1994; 
Hou eta/., 1996)
i) Readily soluble and non- 
specifically adsorbed
ii) Specifically adsorbed
iii) Oxide bound
iv) Organically bound
v) Residual
0.01 M calcium chloride
0.05 M potassium dihydrogen phosphate 
0.2 M acidic ammonium oxalate 
0.02 M HNO3 and 30% H20 2 
HNO3/HF/HCI digestion
(Datta eta/., 2002) i) Readily soluble
ii) Specifically adsorbed
iii) Oxide bound
iv) Organically bound
v) Residual
0.01 M calcium chloride 
0.05 M potassium dihydrogen phosphate 
0.175 M acidic ammonium oxalate pH 3.25 
0.5 M sodium hydroxide 
HF/H2S04/HCI04 digestion
(Raza eta/., 2002) i) Water soluble
ii) Specifically adsorbed
iii) Oxide bound
iv) Organically bound
v) Residual
Hot double distilled water
0.05 M potassium dihydrogen phosphate
0.2 M acidic ammonium oxalate
0.02 M HNO3 and 30% H20 2
Sodium carbonate fusion
(Lucho-Constantino i) Water soluble Double distilled water
eta/., 2005) ii) Exchangeable cations
iii) Bound to carbonates
iv) Bound to Mn-Fe oxides
v) Bound to sulphides and 
organic matter
vi) Residue
Total
1 N magnesium chloride at pH 7 
Acetic acid/sodium acetate at pH 5 
0.04 M hydroxylammonium chloride in 
25% acetic acid
8.8 M H20 2 in 0.02 M HN03 followed by 3.2 
M ammonium acetate in 25% HN03 
Concentrated HN03 and acetic acid/sodium 
acetate at pH 5 
HNO3/HCIO4 digestion
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1.6 Review of Analytical Considerations
The analysis of boron has been possible since the early 1800s by the simple addition of 
a polyol, such as glycerol or mannitol, to increase the acidity of boric acid and/or 
borate to allow titration using phenolphthalein (Power and Woods, 1997). It is now 
possible to detect boron at very low concentrations, typically sub parts per billion (Sah 
and Brown, 1997b). However, sample collection and preparation are the key steps in 
the analytical process and, due to the ubiquitous nature of boron, contamination is a 
key consideration (Downing et ah, 1998). This section will consider the analytical 
protocols and tools available for the measurement of boron and the other elements of 
interest.
1.6.1 Sample Storage and Preparation
Downing et at. (1998) discussed the problems of sample collection for trace boron 
analysis and the numerous sources of contamination. For example, powdered gloves 
can contain large quantities of boron and zinc (Hamilton, 1995). Sample containers 
must also be suitable, i.e. borosilicate glass is not appropriate and plastics should be 
acid washed (Downing et at., 1998). The storage and homogenisation of samples are 
other considerations (Hamilton, 1995).
Ward and Savage (1994b) reported the effect of using fresh weight and dry weight of 
environmental matrices. Dry weight is more desirable as variations in water content 
are eliminated which is of particular importance in this work due to the delay in 
returning samples to the laboratory (Ward and Savage, 1994b; Market, 1995). 
However, the drying temperature used is critical when looking at boron due to its 
volatility. Drying at >90°C is often recommended for soil, sediment and plant material. 
In the case of boron and selenium, lower temperatures of approximately 45°C, or even 
room temperature, should be employed (Market, 1995). In the preparation of plant 
material, it should be considered whether the plant should be washed before drying to 
remove any extraneous soil particles or atmospheric deposition. This has been shown 
to have significant effects on the final analysis, in particular for lead (Ward and 
Savage, 1994b; Market, 1995). Typically, rinsing in distilled water is used for plant 
material.
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For the preparation of hair and nails, combinations of distilled water and organic 
solvents such as acetone and ether are used in conjunction with an ultrasonic bath 
(Momcilovic et al., 1991; Ward and Ward, 1991). The most commonly employed 
cleaning methodology reported is the IAEA acetone-water-acetone technique, as 
described by Ryabukhin (1976). Stovell (1999) also concluded this was the best 
approach after performing a comparison experiment testing different washing 
procedures.
1.6.2 Analytical Techniques
This section considers the analytical tools available for the measurement of boron and 
the other elements of interest. The advantages and challenges are discussed.
1.6.2.1 Spectrophotometry
Colorimetry was the definitive technique for boron analysis until the advent of plasma 
spectrometry. Detection limits of 0.1 mg/l are possible (Bingham, 1982). The technique 
is based on the colour development of boron complexes with specific reagents, such as 
carmine, curcumin, methylene blue and azomethine-H, followed by absorbance 
measurements at a specific wavelength (Sah and Brown, 1997a).
The most frequently used complex is azomethine-H because it is fast, simple, does not 
require concentrated acids (unlike the carmine method), the most sensitive, suffers 
from the least interferences and can be automated (Basson et al., 1969; Lopez et at., 
1993; Sah and Brown, 1997a). However, the sample colour, pH, temperature and high 
concentrations of aluminium, copper, fluoride, iron, molybdenum and zinc can still 
cause major interferences in the analysis (John eta/., 1975; Nyomora eta/., 1997; Sah 
and Brown, 1997a). The linear range for the azomethine-H method is 0.5-10 mg/l 
which is quite restrictive although §im§ek and co-workers ascertained that the 
spectrometric method was comparable to inductively coupled plasma optical emission 
spectrometry (Bingham, 1982; §im§ek et at., 2003). The use of a similar compound, 
azomethine-HR, can increase sensitivity by 3.5 times but still suffers from interferences 
caused by aluminium, copper, iron, titanium and zirconium (Sah & Brown, 1997b).
Fluorimetry is another spectrophotometric technique which is based on the same 
principles but fluorescent compounds are employed and the resultant fluorescence is 
measured at a specific wavelength (Sah & Brown, 1997b). Detection limits of 7.2
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ng/cm3 (ppb) have been reported (Campaha et a/., 1992). However, it is difficult to 
compare results from different sources due to the use of assorted reagents and the 
method is subject to interferences caused by pH, temperature and other species 
present in the sample (Sah & Brown, 1997a, 1997b). As a result of this, its use is very 
limited.
1.6.2.2 Atomic absorption spectrometry (AAS)
Atomic absorption spectrometry is of little use for boron determination. Its primary 
wavelength is at 249.7 nm, where the sensitivity is 13 mg/l and the linear range 
extends to 400 mg/l using a nitrous oxide-acetylene flame (Varma, 1984). Few data 
exist on its use, primarily due a lack of sensitivity and interferences caused by high 
sodium concentrations, high solids content, high acid content or other complex 
matrices (Varma, 1984).
Separation of boron from the matrix has been achieved through solvent extraction and 
the formation of volatile gases such as methyl borate or boron fluoride, followed by 
AAS detection (Botelho et a/., 1994). Although this improves sensitivity and detection 
limits, boron exhibits a memory effect whereby it adheres to surfaces in the 
instrumentation, such as the tubing, nebuliser, etc, causing a carry over effect on the 
next standard or sample. This is discussed further in Section 1.6.2.4.
Although the use of a graphite furnace with AAS tends to improve sensitivity and 
detection capability for most elements, this is not possible for boron unless a chemical 
modifier is added to prevent volatilisation during drying stages. Modifiers such as 
calcium, magnesium and zirconium/citric acid have been reported (Botelho et ah, 
1994; Wiltshire etah, 1994; Burguera et ah, 2001). However, memory effects were still 
prevalent, resulting in either repeated analysis of matrix blanks before each sample or 
incorporating cleaning steps between each measurement (Botelho et ah, 1994; 
Burguera et ah, 2001). The method of standard addition for calibration was also 
employed to overcome matrix affects (Botelho et ah, 1994). Whilst detection limits of 
60 pg/l have been reported, the combination of labour intensive cleaning and sample 
preparation render the technique less than suitable for routine analysis.
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1.6.2.3 Atomic emission spectrometry (AES)
As with AAS, atomic emission spectrometry (AES) also has found limited use due to 
poor sensitivity, interferences, memory effects and calibration drift (Nyomora et al., 
1997). Again, the use of methyl borate generation has been applied to AES analysis 
and achieved absolute detection limits of 0.03-0.04 pg for wine digests but memory 
problems still exist (Sah and Brown, 1997a).
1.6.2.4 Inductively coupled plasma optical emission spectrometry (ICP-OES)
The advent of inductively coupled plasma (ICP) techniques has significantly improved 
the detection capability of boron. Although low detection limits are achievable, the 
possibility of contamination and loss has a much more marked effect on low boron- 
containing samples. This was highlighted by a round robin study where agreement 
between laboratories and different analytical techniques at low concentrations was 
poor (Downing and Strong, 1998).
ICP-OES is also often referred to as ICP-AES (atomic emission spectrometry) and the 
use of a plasma as the ionisation source instead of a flame in AES vastly increases 
sensitivity, lowers detection capability and eliminates some of the interferences 
encountered (Sah and Brown, 1997a). The use of different sample introduction 
techniques, e.g. flow injection, electrothermal volatilisation, laser ablation, gaseous, 
etc., also helps to remove interferences and minimise sample preparation (Sun et ah, 
1997; Sah and Brown, 1997a).
The main spectral interference for boron analysis is caused by iron as there is an 
overlap on the two most sensitive lines for boron: 249.773 nm and 249.678 nm for 
boron and 249.653 nm and 249.678 nm for iron (Sah and Brown, 1997a). This leads to 
unreliable results in the presence of large concentrations of iron, which is common in 
soils, geological and some biological samples. As with AAS and AES, methyl borate has 
been successfully applied to ICP-OES determination (Sah and Brown, 1997a).
Memory effects are still encountered and are due to a variety of reasons, e.g. 
borosilicate glass components of the instrument or surface adherence, but there are 
several approaches to overcome this difficulty. Washing with water or acid alone is 
ineffective at reducing background levels within a decent timescale after a high 
concentration sample. The simplest way to minimise this effect is to only run dilute
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samples such as below 0.2 mg/l and increase the wash time, but this is not time 
effective (Sah and Brown, 1997a). Evans and Krahenbtihl (1994) reported that a 60 
second wash with 0.2 mg/g sodium fluoride (NaF) in 0.02 mol/l HN03 returned the 
blank signal to previous levels after running a 100 ng/g standard, whereas washing in
1.5 mol/l HN03 for 2 minutes was insufficient. Others include Triton X-100 in dilute 
HN03, mannitol, ammonia, mannitol-ammonia mix and hydrogen peroxide solution 
(Probst et a!., 1997; Al-Ammar et at., 1999; Darbouret and Kano, 2000; Sun et a!.,
2000). This problem was investigated in Section 2.4.3.3.
1.6.2.5 Inductively coupled plasma mass spectrometry (ICP-MS)
This technique has become the most popular for boron analysis for several reasons: 
enhanced sensitivity, low detection limits and isotope ratio determination (Sah and 
Brown, 1997a). As with ICP-OES, sample introduction methods other than solution 
nebulisation can reduce interferences and minimise sample preparation. Darbouret and 
Kano (2000) found that using forward power (RF energy) of 1200 W increased 
sensitivity for boron determination. Also, there are no spectroscopic interferences 
caused by polyatomic or isobaric species due to its low mass number (Evans and 
Krahenbtihl, 1994).
As ICP-MS uses the same ionisation method as ICP-OES, the same problem with 
memory effects arises which can be alleviated as discussed above. The other main 
interference is caused by a spectral overlap of the 12C+ peak on the n B+ peak, 
particularly in high carbon content samples, e.g. microwave digests of biological 
samples, wine (Sah and Brown, 1997a). One study discussed this effect in detail (Al- 
Ammar eta/., 1999).
The use of an internal standard can eliminate suppression/enhancement effects in the 
plasma such as high sodium content and variations over the analysis. Beryllium is 
commonly used as it is similar in mass, reasonably similar in first ionisation potential, 
has fairly low natural abundance and is free of spectroscopic interferences. However, 
Evans and Krahenbtihl (1994) report that differing acid concentrations in calibration 
standards and samples caused an artificially high boron/beryllium ratio. Al-Ammar et 
al. (1999) suggest that beryllium should not be used as an internal standard for 
biological samples when the dissolved organic carbon content is above 1500 mg/l 
because the effect on boron and beryllium is not equal, which is the underlying
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assumption for using an internal standard. A lower carbon level also helps to prevent 
nebuliser and torch blockages (Moreton and Delves, 1999).
Studies by Probst eta/, and Nyomora eta/, have ascertained that there is no difference 
between ICP-OES and ICP-MS detection, even with different sample preparation 
methods (Nyomora eta/., 1997; Probst eta/., 1997).
1.6.2.6 Neutron activation analysis (NAA)
This technique involves the introduction of a solid sample to a beam of thermal 
neutrons (requiring access to a nuclear reactor), followed by the measurement the 
emitted radiation. The 10B isotope undergoes the reaction shown in Equation 1.3, 
releasing alpha (a) particles and gamma photons (Sah & Brown, 1997a). The 
measurement of a particles (4He) is called neutron capture radiography and the 
determination of gamma (y) rays is termed prompt-y activation analysis (Sah & Brown, 
1997b).
Equation 1.3 10B + neutron => 7Li + 4He (2.31 MeV) + gamma ray (478 keV)
Ward (1987) reported very good agreement for boron with standard reference 
materials, although Nyomora et a/. (1997) state that this is not the case for materials 
with concentrations below 5 pg/g. Also, the sensitivity decreases as the concentration 
decreases, especially below 5 pg/g and, although the counting time may be increased 
to improve this, times in excess of 50 hrs are required for a sample containing 0.5 
ppm, rendering the analysis impracticable (Nyomora et a/., 1997, Sah 8*. Brown, 
1997a).
1.6.2.7 Ion chromatography
Ion chromatography (IC) is a form of high performance liquid chromatography which 
employs conductivity detection. It is possible to use three separation techniques: a) ion 
exchange; b) ion exclusion or c) ion pair (Weiss, 1986). Typically ion exchange is the 
mode utilised for boron determination, although ion exclusion has also proved 
successful for borate determination in environmental media (Mehra eta/., 1990).
Ricci et a/. (1994) describe the use of ion chromatography in the determination of 
boron in nickel-boron alloys by converting the boron present into the fluoborate ion
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(BF4) with a high degree of sensitivity. Rose et a/. (2000) report the analysis of major 
ionic species (Cl*, S042', N03', Na+, K+, Mg2+, Ca2+) and boron by IC but the paper 
lacked details on the experimental conditions used. Tapparo eta/. (1998) described the 
analysis of boric acid (a neutral species) by IC using either mannitol or sorbitol in 
sodium hydroxide as the eluent.
1.7 Elements of Interest
1.7.1 Classification of Elements
Depending on their concentration found in nature, elements can be classified into four 
categories: major (C, H, N and 0), minor (Ca, Cl, Mg, P, K and Na), trace (typically 
<100 mg/kg) and ultra-trace (typically <10 pg/kg) (Vandecasteele and Block, 1993; 
Ward, 2000). To extend this broad grouping in biological systems, trace elements can 
also be grouped as essential, non-essential and toxic. However, whilst toxic in this 
definition refers to adverse symptoms at very low concentrations, all elements and 
compounds can be classified as toxic; it is only the dose which distinguishes the 
difference between deficiency, normal and toxic status. This is described schematically 
in Figure 1.6 in a dose-response curve.
Figure 1.6 Dose-response curve for an essential element (Stone, 2006).
1.7.2 Elements Chosen for this Research
This section describes the minor and trace elements studied in this work and their 
importance with respect to the environment, human health and, where appropriate, 
boron.
In areas of high boron concentrations, it is common to find high levels of salinity, 
selenium and arsenic, especially in arid and semi-arid regions (Banuelos et a/., 1993;
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Nable et al., 1997; Corwin et at., 2003). Salinity is the combined effect of dissolved 
salts such as sodium chloride, calcium sulphate, magnesium sulphate and sodium 
bicarbonate (Grattan, 2002). The region of Argentina under investigation in this 
research, namely San Jose de Jachal in San Juan, has an arid climate and so sodium, 
magnesium, potassium and calcium were included in the analytical survey.
As has been previously stated, boron is known to influence calcium and magnesium 
metabolism in mammals and the utilisation of calcium and manganese in plants. This 
again highlights the link with calcium and the need to investigate the concentrations 
present in the study area.
The elements of interest which were monitored during the course of this study, in 
addition to boron, are the minor elements calcium, magnesium, potassium and sodium, 
along with the trace elements arsenic, cadmium, copper, iron, lead, manganese, 
selenium and zinc. Their properties are discussed in the relevant sections below.
1.7.2.1 Arsenic
Arsenic, in a similar way to boron, is a ubiquitous but variable element in the 
environment, with regions of low and natural geochemical enrichment. Generally, the 
levels found in natural waters are low, ranging from 0.2-230 pg/l in fresh water, up to 
2 pg/l in river water and 0.5-4 pg/l in sea water (Bowen, 1979; Ward, 2000). However, 
excessively high concentrations of up to 1000 pg/l arsenic have been reported in 
regions of Bangladesh, Thailand and Finland and up to 5300 pg/l in Argentina (Nicolli 
et al., 1989; Mandal and Suzuki, 2002; Smedley et al., 2002). Background soil levels 
can range from 0.1-70 mg/kg and anthropogenic influences, such as mining or the use 
of arsenical pesticides, can increase the concentration up to 2500 mg/kg (Bowen, 
1979; Kabata-Pendias and Pendias, 1984; Ward, 2000).
Arsenic is a well known poison and can cause several acute and chronic illnesses such 
as gastrointestinal problems, disturbances of cardiovascular and nervous system 
functions, and eventually death. It is classified as a carcinogen, increasing the risk of 
cancer of the skin, lungs, bladder and kidneys (World Health Organisation, 2001a; 
Timbrell, 2002). The chemical species of arsenic is also important as different species 
have differing toxicities. The predominant species in the environment are arsenites 
(As3+), arsenates (As5+), monomethylarsonic acid (MMA), dimethylarsinic acid (DMA)
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and arsenobetaine, where the inorganic forms, particularly arsenites, are more toxic 
than organic species (Mandal and Suzuki, 2002). However, research has implied that 
arsenic may be essential for normal growth and reproduction in animals, due to links 
with the metabolism of methionine (Nielsen, 1991).
1.7.2.2 Cadmium
Cadmium, along with lead (Section 1.7.2.6), mercury and thallium, is known as a toxic 
trace element (Ward, 2000). It has a long biological half life (10-35 years) and the 
toxic effects predominantly affect the kidneys. Human exposure is mainly through food 
sources and smoking. It is considered carcinogenic when exposure is through 
inhalation rather than oral absorption (World Health Organisation, 2006a). It competes 
with zinc for binding site in various enzymes and proteins, predominantly 
metallothionein. Cadmium is also known to interfere with calcium metabolism, causing 
osteomalacia and brittle bones (Timbrell, 2002). The European Union Directive 
2002/95/EC 'Restriction of the use of certain hazardous substances in electrical and 
electronic equipment' stipulates a maximum permissible level of cadmium (0.01% by 
weight) in these materials due to concerns over the impact on the environment and 
human health (www ref. 5). The Directive also covers lead, mercury, chromium (VI) 
and brominated flame retardants with a maximum allowable level of 0.1% by weight.
1.7.2.3 Calcium
Calcium is the most abundant mineral in the body and is predominantly found in bone, 
stored as hydroxyapatite [Cai0(PO4)6(OH)2]. It is also required for many enzymes, 
some hormonal responses and is essential for blood coagulation (Devlin, 1997). As has 
been discussed previously, a role of vitamin D is to regulate calcium utilisation and 
boron has been shown to influence this mechanism when calcium intake is inadequate 
(Nielsen and Shuler, 1992; Nielsen, 1997). It is also a prevalent element in the 
environment (Bowen, 1979; Ward, 2000).
1.7.2.4 Copper
Copper regulation is related to metallothionein and is a co-factor for several enzymes 
including superoxide dismutase, cytochrome c oxidase, lysyl oxidase and ferroxidase. 
Of particular interest is the action of lysyl oxidase which is responsible for the cross­
linking reaction of elastin, to produce collagen, which in turn influences bone 
mineralisation, blood vessel integrity and demyelination of neural tissues
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(Vandecasteele and Block, 1993; Devlin, 1997). Iron utilisation is controlled by 
ferroxidase which regulates the oxidation state of iron, as only Fe2+ is absorbed 
whereas Fe3+ is bound to the plasma protein transferrin (Devlin, 1997). Boron has 
been shown to influence the role of copper in humans when copper is deficient in the 
diet, showing that these functions are only observed when another nutritional disorder 
exists (Institute of Medicine, 2001; Moss and Nagpal, 2003). Copper is considered to 
be a trace element in the environment, occurring in varying amounts, ranging from 6 
to 60 mg/kg in soils and 1-12 mg/kg in plants and foodstuffs (Ward, 2000).
1.7.2.5 Iron
Iron is a ubiquitous element, both environmentally and physiologically. It's most 
important and well known function is as an integral part of haemoglobin and 
myoglobin for the transport of oxygen and carbon dioxide. However, it is also required 
for oxidative phosphorylation as a component of cytochrome and non-haem proteins 
(Devlin, 1997). Iron is extremely common in the environment, forming major 
constituents of rocks and soils, and is essential for various metabolic processes in 
plants (Kabata-Pendias and Pendias, 1984).
1.7.2.6 Lead
The prevalence of lead in the environment makes it one of the most abundant 
pollutants, both natural and anthropogenic. It is a well known neuro-toxic agent and 
carcinogen (Timbrell, 2002). Many studies have established links to behavioural and 
intelligence retardation due to accidental lead exposure, leading to the ban on the use 
of lead additives in petrol, lead water pipes and a reduction in its use in solder, plastics 
and electrical equipment, in accordance with the European Union Directive 2002/95/EC 
(Timbrell, 2002; World Health Organisation, 2006a; www ref. 5). It is also known to 
interfere with iron absorption, haem production and calcium utilisation, both directly 
and through the disruption of vitamin D metabolism (Timbrell, 2002; World Health 
Organisation, 2006a). Again, as has been previously discussed, boron has been 
implicated in calcium and vitamin D function (Nielsen, 1997).
1.7.2.7 Magnesium
Like calcium, magnesium is also required for many enzymatic processes and 
neuromuscular transmission (Devlin, 1997). It has also been implicated in calcium 
utilisation in combination with vitamin D, potassium and methionine (Nielsen et a!.,
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1988; Nielsen and Shuler, 1992). In plants, it is the integral element in the chlorophyll 
molecule which is essential for photosynthesis. However, magnesium is involved in 
many other functions, including sugar synthesis, starch translocation, iron utilisation, 
and enzymatic activity (Kabata-Pendias and Pendias, 1984).
1.7.2.8 Manganese
Manganese is postulated to be involved with mucopolysaccharide (a component of 
connective tissues such as collagen) metabolism, insulin synthesis and is linked to 
several enzymes including superoxide dismutase and those involved in carbohydrate 
metabolism (Devlin, 1997). Toxicity causes neurological disorders (Vandecasteele and 
Block, 1993). In plants, manganese is the activator for several enzymes, one of which 
(allantoate amidohydrolase) has shown inhibition when exposed to excess boron 
through foliar spraying, implying that boron may influence manganese availability 
(Blevins and Lukaszewski, 1994).
1.7.2.9 Potassium
Potassium is the most abundant macromineral in the body and as a result, has many 
functions. It is essential for maintaining proper fluid balance, nerve impulse function, 
muscle contraction, regulation of blood pressure, conversion of glucose to glycogen 
and protein and nucleic acid synthesis. Potassium has also been linked to calcium 
metabolism and studies by Nielsen and Shuler showed the combined effects with 
boron, calcium and magnesium (Nielsen and Shuler, 1992). Potassium is routinely 
applied to soils in agriculture through 'NPK' fertilisers, which also contain nitrogen and 
phosphorus. In plants, potassium has many functions: activator for over 60 enzymes 
required for growth, water control, photosynthesis, transport of sugar, water and 
nutrients, and protein synthesis (International Plant Nutrition Institute, 1998).
1.7.2.10 Selenium
Selenium is an essential element for humans and has received a great deal of interest 
in the last decade with a large quantity of research having been undertaken in the field 
of speciation analysis. Like arsenic, the species of selenium greatly affects its 
properties, from cancer prevention to carcinogenic (Rayman, 2005). Selenium is 
important in human health as it is a key constituent of several metalloenzymes. It is 
predominantly found as glutathione peroxidase, but, as with boron, many of the 
enzymatic mechanisms have yet to be fully elucidated (Devlin, 1997; Rayman, 2000).
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Its presence in the environment is typically low (mean soil concentration 0.3 mg/kg, 
range 0.02-2.5 mg/kg) and in some countries, selenium is added to supplement soil 
levels in order to produce crops with adequate levels for human and animal nutrition 
(Rayman, 2000; Ward, 2000). However, Banuelos and co-workers have reported that 
seleniferous soils are often co-existent with boron laden soils (Banuelos eta/., 1999).
1.7.2.11 Sodium
Sodium is a strong factor in the level of salinity in water and soils, the magnitude of 
which is important in agriculture, as plants and crops can suffer toxicity symptoms 
(Ayers and Westcot, 1994; Grattan, 2002; Corwin eta/., 2003). Sodium is essential for 
plants and animals and has many physiological functions, but whilst excess dietary 
sodium as salt has been hypothesised to influence bone health and osteoporosis, 
reviews of literature suggest there is not enough evidence currently to establish a link 
(Kumanyika and Cutler, 1997; Cohen and Roe, 2000). A maximum sodium 
concentration of 200 mg/l in drinking water has been proposed by the World Health 
Organisation (WHO) as a guideline for taste purposes but a link has yet to be 
established between sodium in drinking water and hypertension (World Health 
Organisation, 2003b; World Health Organisation, 2006a).
1.7.2.12 Zinc
Zinc is an important co-factor in many enzymatic pathways and, like copper, has been 
strongly linked to metallothionein. To date, over 300 zinc metalloenzymes have been 
described. A deficiency is also reported to result in impaired taste bud development 
and poor wound healing (Devlin, 1997). It also regulates many enzymatic functions in 
plants (Kabata-Pendias and Pendias, 1984).
1.8 Aim and Objectives
1.8.1 Aim
Much international literature refers to the problem of boron deficiency and its 
diagnosis; however, there is a lack of information regarding the toxicity of boron in the 
natural environment. Also, previously reported toxicity studies have investigated the 
health effects of either accidental exposure or through dosing experiments using boric 
acid. No work has researched the effects of natural long term environmental exposure.
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The main aim of this work was to investigate a new and unique area of interest with 
respect to boron toxicity and the impact on the natural environmental chemistry, 
agricultural practice and human health exposure.
1.8.2 Objectives
The main objectives of this research were to:
• establish analytical methodology to measure boron reliably, in an attempt to 
overcome the inherent problems with analysis, through the use of inter­
method comparisons and reference materials (certified where possible);
• determine the concentration of boron and other key elements in waters 
(river, tap and irrigation), soils, sediments and agricultural crops from 
vineyards and local rural homes in the region of San Jose de Jachal, San 
Juan, Argentina. This was compared with a non-affected (control) area of 
Argentina, namely General Roca, Rio Negro;
• determine the boron content and other key elements in human scalp hair 
from local residents who are exposed to the boron contaminated water and 
who consume predominantly food produced in their own gardens. Again 
this was compared with a non-affected area, namely General Roca, 
Argentina; and
• evaluate the human health status of the two populations in relation to the 
elemental content of hair using a multi-component questionnaire.
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2.1 Introduction
This chapter describes the analytical methods and measurement techniques used to 
collect the data reported in Chapters 3 to 6. The sampling protocols and sample 
preparation procedures prior to analysis are elucidated in Sections 2.2 and 2.3. Where 
appropriate, the method development for these procedures is included. Quantification 
was performed using spectrometric techniques, namely flame atomic absorption 
spectrometry, atomic emission spectrometry, inductively coupled plasma mass 
spectrometry and molecular spectroscopy. Accuracy and precision was ensured 
through the use of certified reference materials, repeated analyses and inter-method 
comparisons. The information that follows subsequently details the approaches taken 
and the analytical instrumentation employed.
2.2 Sampling Strategy
This work has investigated the impact of boron and other key elements in two regions 
of Argentina, namely San Jose de Jachal, San Juan, and General Roca, Rio Negro; their 
locations are depicted in Figure 2.1. The town of San Jose de Jachal is located at 
30°14'S latitude and 68°44'W longitude, at an elevation of 1.2 km above sea level, 
approximately 150 km north of San Juan. It has an arid climate, with typically less than 
10 cm of rainfall per annum, but the presence of several river systems in the region 
supports first level agriculture. General Roca in the Rio Negro province is located 
approximately 1200 km south west of Buenos Aires. The town is located at 39°1'S 
latitude and 67°35'W longitude, at an elevation of approximately 200 m above sea 
water. It has an ambient climate and its economy is based on the production of crops 
such as apples, pears and peaches for the export market.
In 2005, a preliminary study was undertaken in the San Jose de Jachal region to gain 
an understanding of the boron levels present and to identify key environmental sites 
for further investigation. The feasibility of a human biomonitoring survey using hair 
and teeth was also tested. Additionally, it was found that the climate was suitable for 
the agriculture of grapes and olives but the question of the presence of boron in the 
final product was raised.
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San Jose de Jachal
General Roca
Figure 2.1 Map of Argentina, highlighting San Jose de Jachal and General Roca (taken from 
http://vwvw.globosapiens.net/country/argentina_map.html).
The main study was then conducted in 2006 in both San Jose de Jachal and General 
Roca. Samples of water, river sediment, soils and hair were collected for comparison. 
The mobility of boron was investigated using grapevines as a model in a collaborative 
project with the Instituto Nacional de Tecnologia Agropecuaria (INTA) in San Juan.
INTA is a government organisation committed to research in agriculture for 
improvements in environmental health, sustainability and economic development. A 
growth trial using two grape varieties, namely chardonnay and cabernet sauvignon, 
was undertaken. This enabled the movement of boron to be monitored through the 
soil, irrigation water, different sections of the plant, grapes and the final wine. 
Additionally, a comparison database was established for the elemental levels in wine 
due to the lack of available literature information, particularly with respect to the boron 
content.
The detailed locations for the samples are given in the relevant Results and Discussion 
Chapters, namely 3.2, 4.2 and 4.3. This section describes the collection protocols used 
in this work.
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2.2.1 Water
The collection of water samples requires consideration of the collection vessel and the 
possibility of contamination due to the much lower elemental levels present. New and 
clean vessels should be used. Another concern is ensuring the sample is representative 
of the area. Two main approaches can be taken: several small samples are taken over 
designated area (typically forming a 'W ' shape) and combined to form a composite 
sample or a stratified grid is laid out and individual samples are taken from designated 
points resulting in several samples for the site. Both have advantages and 
disadvantages. The composite technique gives an overall picture of the location but 
lacks information about spatial variability, whereas the stratified grid method allows 
identification of localised contamination but results in more laboratory work due to the 
increased number of samples. In this work, the composite approach was taken. All 
collection vessels were pre-washed three times with water from the site being 
sampled.
River and irrigation water was sampled by taking a composite sample of the surface 
water (<10 cm depth). A large plastic polypropylene bottle was used to collect a 
fraction and was decanted into in a Sterilin® container (Barloworld Scientific, 
Staffordshire, UK) to half fill it. This was repeated to fill the container and then mixed 
by inversion. In parallel to this, a portion of the composite sample was filtered using 
Whatman no. 1 filter papers. Tap water samples were also collected in Sterilin® 
containers after allowing the tap to run for at least 2 minutes. All water samples were 
stored in the refrigerator at <4°C and sub-samples were taken for analysis.
2.2.2 Soil and Sediment
Typically, both soils and sediments are sampled from either the top portion 
(approximately 0-10 cm) or deeper using trenches or coring devices. Care must be 
taken to prevent contamination of the sample from the sampling tool and so the use of 
a plastic trowel, cleaned in distilled water (DDW) was utilised (Ward, 2000).
In this work, surface soils were sampled from the top 10 cm using the composite 
approach described above. The samples were taken from within 0.5 m of the riverbed 
or within 30 cm of the plant. The bulk samples were sub-sampled into smaller portions 
of approximately 100 g in the field due to weight restrictions. These were then placed 
into paper bags and allowed to dry at ambient temperature in the field before
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transportation. For the INTA grape/wine collaboration, the soil samples were taken to 
the INTA San Juan laboratories for further processing (see Section 2.3.2) before 
transportation to the UK.
Sediment samples were taken from the river bed within approximately 1 m from the 
bank using a plastic bottle to scoop up the sediment from the first 5 cm of the bed. 
Excess water was removed by decanting and the process repeated until enough 
sediment was collected. It was then transferred to a plastic self-seal bag and allowed 
to settle before decanting any remaining excess water and any extraneous material 
removed, followed by drying at ambient temperature in the field before transportation.
2.2.3 Plant Material
All parts of plants can be sampled but they should be separated, e.g. into leaves, 
branches, roots, as each has different accumulation properties for macro, minor and 
trace elements (Kabata-Pendias and Pendias, 1984). As with soils, the use of metallic 
devices should be minimised or, if necessary, should be cleaned using acetone and 
DDW (Ward, 2000). The surface of the plant material also needs to be cleaned from 
the deposition of soil and other extraneous particles using DDW.
As has been discussed in Section 1.2.5, plants have variable sensitivity and 
accumulation tendencies between species and even within germplasm with respect to 
boron assimilation (Gupta et al., 1985; Banuelos et al., 1999). This was investigated in 
the preliminary study in July 2005. River bank plants were sampled from within 0.5 m 
of the river bed (but within the water flow zone), top parts only, and stored in paper 
bags for transportation back to the laboratory.
For the INTA grape/wine collaboration, samples of roots, branches, leaves and grapes 
were collected at designated intervals using cleaned secateurs, followed by further 
treatment by the laboratory staff at INTA San Juan (see Section 2.3.3). The plant 
material samples were stored in paper bags where as the grapes were washed in 
DDW, placed in clean polyethylene containers and stored at <4°C.
2.2.4 Wine and Oils
Wine, namely chardonnay and cabernet sauvignon, and olive oil produced from grapes 
and olives grown in the San Juan region were sampled at the final production stage
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(transferred from commercial bottles or the fruit preparation vessels used to press and 
release juice) into Sterilin® containers. The wine samples were stored in the 
refrigerator at <4°C whereas the olive oils were stored in the dark at room 
temperature.
Due to the lack of literature information regarding boron in wines, a control database 
was established using both chardonnay and cabernet sauvignon commercial wines 
from Argentina, Australia, California, Chile, New Zealand and South Africa. These were 
sourced from UK supermarkets, sub-sampled into 50 ml Sterilin® containers and stored 
at <4°C in the refrigerator until required for analysis.
2.2.5 Biological Tissues
The feasibility of using hair and teeth as biomonitors for markers of human exposure 
to trace elements was investigated. Whilst teeth pose more of a challenge, the use of 
hair as a biomonitor has been suggested to be the most important biological indicator 
for worldwide environmental monitoring (Morton eta!., 2002a; Chojnacka etai, 2005). 
Additionally, it allows easy sample collection with minimal discomfort to the participant.
For the preliminary study, tooth samples were provided by the San Jose de Jachal 
hospital. No details were provided regarding their sampling methodology. They were 
stored in plastic containers at 4°C until required.
Hair samples were cut from as near to the scalp as possible at the nape of the neck 
using clean stainless steel scissors and placed into plastic self sealing bags. For the 
main study (Chapter 6), hair samples were collected throughout 2006 from the study 
area of San Juan and the control region of General Roca, Rio Negro, by trained 
personnel. At the time of sampling, questionnaires were completed about lifestyle and 
general health. The questionnaire used can be found in Appendix D.
2.3 Media Preparation and Analytical Methodology
2.3.1 Water
All samples were removed from the fridge and allowed to equilibrate to room 
temperature before analysis.
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2.3.1.1 pH
The pH was measured at room temperature using a Jenway 3305 pH meter (Jenway, 
Dunmow, Essex, UK). The meter was calibrated daily using freshly prepared standards 
at pH 4, 7 and 9 (Thermo Scientific Russell, Loughborough, UK).
2.3.1.2 Elemental analysis
Water requires relatively little sample preparation prior to analysis. Depending on the 
analytical technique, different dilution factors with different eluents were applied as 
appropriate. For boron analysis by inductively coupled plasma mass spectrometry (ICP- 
MS, Section 2.4.3), a 100-fold dilution was required, whereas the azomethine-H assay 
(Section 2.4.4) did not require dilution due to the higher limits of detection. The multi­
element analysis of water by ICP-MS required no dilution due to the low levels of trace 
elements typically found in natural waters. The measurement of calcium and 
magnesium by flame atomic absorption spectrometry (FAAS, Section 2.4.1), and the 
determination of potassium and sodium by atomic emission spectrometry (AES, Section 
2.4.2) required dilution factors ranging from 10 to 1000-fold.
2.3.2 Soil and Sediments
On return to the laboratory, the materials were dried in an oven at 40°C for 48 hours 
to ensure complete removal of water. Each sample was then sieved to less than 1.4 
mm and stored in a self sealing plastic bag. In the case of the INTA collaborative 
study, the samples were dried at the INTA laboratories in San Juan and sieved to less 
than 2 mm, before sub-sampling and transported to the UK. Subsequently, the 
following characterisation methods were then applied and are detailed below.
2.3.2.1 Sequential extraction
The 'BCR three step' procedure, as described by Rauret et al. (1999), was used in this 
work and produced four chemical fractions:
i) exchangeable and bound to carbonates;
ii) bound to iron-manganese oxides;
iii) bound to organic matter and sulphides; and
iv) residual/neutral fraction.
The experimental method is summarised in Figure 2.2. All reagents were of Analytical 
Reagent grade (Fisher Scientific, Loughborough, UK) with the exception of nitric acid
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(HN03) which was Primar® Trace Element Reagent grade (Fisher Scientific) and 
hydrofluoric acid (HF) which was Aristar® Trace Element Reagent grade (BDH, Poole, 
UK).
1.00 ± 0.05 g of oven dried soil/ 
sediment in 50 ml centrifuge tube
Step 1:
40 ml of 0.11 M acetic acid 
agitate for 16 hrs
centrifuge at 3000 rpm for 20 mins
Wash:
20 ml of DDW 
agitate for 20 mins 
centrifuge at 3000 rpm for 20 
mins and discard supernatant
Wash
Step 2:
40 ml of 0.5 M hydroxylammonium chloride* 
agitate for 16 hrs
centrifuge at 3000 rpm for 20 mins
Wash
Step 3:
10 ml of 30% hydrogen peroxide 
cover loosely, digest at room temp for 1 hr 
digest at 85°C for 1 hr, covered loosely 
remove cover and reduce volume to 3 ml 
add 10 ml 30% hydrogen peroxide 
cover loosely, digest at 85°C for 1 hr 
remove cover and reduce volume to 1 ml 
add 50 ml 1.0 M ammonium acetate* 
agitate for 16 hrs
centrifuge at 3000 rpm for 20 mins
Wash
Step 4:
5 ml of conc. HN03 and 5 ml 40% HF 
digest at 85°C and reduce volume to <1 ml 
add 1 ml conc. HN03 and make up to 25 ml 
with DDW
centrifuge at 3000 rpm for 20 mins
*25 ml of 2 M HNO3 added per litre ^--------------------------------------------------------
* Adjusted to pH 4 by addition of conc. HNO3
Figure 2.2 The sequential extraction methodology as described by Rauret eta!., 1999.
2.3.2.2 Acid digestion
For the preliminary study, a microwave digester was used for total elemental analysis. 
Approximately 0.50 ± 0.01 g of each sample was accurately weighed for digestion with
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an XPRESS5 microwave (CEM, Buckingham, UK) using 10 ml concentrated nitric acid 
(Analytical Reagent, Fisher Scientific). The following program was then applied:
• 900 W power
o 5 minutes ramp time to 120°C, held for 2 minutes
o 3 minutes ramp time to 150°C, held for 2 minutes
• 960 W power
o 3 minutes ramp time to 175°C, held for 2 minutes
o 3 minutes ramp time to 195°C, held for 15 minutes
• 0 W power for 15 minutes
The resulting solutions were made up to 50 ml in plastic volumetric flasks using DDW 
and stored at <4°C prior to analysis.
However, for the main study the microwave was not available so an alternative 
approach was taken using open vessel wet digestion (Stead, 2002). Approximately
0.25 ± 0.01 g of soil or sediment was weighed into clean polypropylene beakers and 5 
ml of concentrated HN03 (Primar®, Fisher Scientific) and 5 ml of 40% HF (Aristar®, 
BDH) were added. The beakers were placed in a water bath at approximately 80°C and 
taken to near dryness. The residue was brought up in 1 ml of concentrated HN03 and 
diluted to 25 g with DDW.
2.3.3 Plant Material
On return to the laboratory, the plant samples were dried in an oven at 40°C for 48 
hours. The dried material was then homogenised in different ways depending on the 
nature of the material. Leaves were placed in plastic self sealing bags and crushed by 
hand to pieces <2 mm. Branches and roots were cut into small pieces using scissors, 
approximately 8-10 mm and transferred to a blender for further homogenisation to 
approximately 2-4 mm. The samples were stored in plastic self sealing bags. Extreme 
care was taken to ensure the blender was thoroughly cleaned and dried after each 
sample.
The grapes were squeezed by gloved hands into a polypropylene container and sieved 
to remove the grape skins, as described by Almeida and Vasconcelos (2003). The 
grape juice extract was stored in 50 ml Sterilin® containers at <4°C until required for 
analysis. Then the extracted grape juice was allowed to equilibrate to room
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temperature prior to centrifugation at 3000 rpm for 10 minutes to remove the 
remaining suspended particles. The supernatant was then treated in the same way as 
the wine, see Section 2.3.4.I.
2.3.3.1 Acid digestion
As with soils and sediments, a commercial microwave unit (CEM, Buckingham, UK) was 
used for digestion of the preliminary study samples, which is outlined in Section 
2.3.2.2. Approximately 0.50 ± 0.01 g of each sample was weighed out and the 
resulting solutions were made up to 50 ml in plastic volumetric flasks using DDW and 
stored at <4°C prior to analysis.
For the INTA samples, the microwave was unavailable for use so it was necessary to 
perform a method development experiment to find the best digestion process. After 
reviewing the literature, two of the most commonly reported methods were selected 
for comparison, namely dry ashing and wet acid digestion (Lopez Garcfa et al., 1985; 
Hunt and Shuler, 1989; Banuelos et al., 1992; Campana et al., 1992; Carrero et at., 
1993; Zaijun et al., 1999; Carpena et al., 2000; Corwin et al., 2003; Pullman and 
Buchanan, 2003; §im§ek et al., 2003). However, there was inconsistent information 
regarding the use of ashing aids and dissolution with different acids, which needed to 
be assessed so Figure 2.3 outlines the series of experiments conducted. The calcium 
hydroxide (Ca(OH)2) and 30% hydrogen peroxide (H20 2) were of Analytical Reagent 
grade (Fisher Scientific) and the HN03 and hydrochloric acid (HCI) were of Primar® 
Trace Element Reagent quality (BDH). The resultant extracts were analysed by the 
azomethine-H UV/Vis assay, described in Section 2.4.4, to determine the boron 
content. The results are given in Table 2.1.
Table 2.1 Method development results for boron in plant material prepared using different 
__________ digestion procedures, presented as mean ± standard deviation (pg/g).___________
Dry Ashing With lid/HCI With lid + CafOHW HCI With lid/HN03
Branch 17.8 ± 1.7 24.9 ± 1.2 21.6 ± 1.4
Leaf 1817 ± 9 1646 ± 54 1417 ± 99
GBW 07605 17.3 ± 0.1 19.4 ± 0.2 16.9 ±1.6
Wet Acid Without lid/HCI With lid/HCI Withoutlid/HNOs With lid/HN03
Branch 20.6 ± 0.8 24.2 ±2.1 26.6 ± 1.1 27.8 ± 3.9
Leaf 1150 ± 516 1673 ± 144 1507 ±0.1 1641 ± 7
GBW 07605 13.1 ± 0.3 15.5 ± 0.4 15.5 ± 0.8 19.0 ± 1.2
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Using 0.50 ± 0.01 g of CRM GBW 07605 Tea leaves, INTA branch sample and 
INTA leaf sample in duplicate
Dry Ashing
A) Crucible with lid B) Crucible with lid 
and Ca(OH)2
1
C) Crucible with lid
Place in furnace at 500°C for 2 hours
Add 1 ml of conc. 
HCI
Add 1 ml of conc. 
HCI
Add 1 ml of conc. 
HN03
1
Heat on a hotplate until dissolved
Dilute to 25 g with 
0.1 M HCI
Dilute to 25 g with 
0.1 M HCI
Dilute to 25 g with 
0.1 M HN03
Filter through Whatman no. 40 papers
Wet acid digestion
D) PTFE beaker without lid E) PTFE beaker with lid
Add 5 ml conc. HN03 and allow to stand overnight
Heat for 1 hour at 140°C on a hotplate then add 1 ml H20 2 and heat for 2
hours
Dilute to 25 g 
with 0.1 M HN03
Dilute to 25 g with 0.1 M 
HCI
Dilute to 25 g with 
0.1 M HN03
Filter through Whatman no. 40 papers
Figure 2.3 Method development experiments performed for plant material digestion.
Based on these results, the dry ashing method using crucibles with lids, without 
Ca(OH)2 and dissolved in solution with HCI was chosen and used for the digestion of all 
further plant materials. This is due to the good CRM agreement (15 ± 3 pg/g), good 
relative standard deviation for the sample digestion and quicker digestion time.
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Although the PTFE beakers with lids and diluted with 0.1 M HCI also performed well, 
the time factor involved with this method was a major disadvantage.
2.3.4 Wine and Oils
2.3.4.1 Dilution of wines
Wines were filtered using sterile membrane filter units (0.45 pm cellulose acetate) then 
diluted 3-fold in 1% HN03 for multi-element analysis and 100-fold boron for 
determination, both by ICP-MS. This is based on procedures described by Almeida and 
Vasconcelos (2003), Castineira Gomez et at. (2004a) and Iglesias etal. (2007).
2.3.4.2 Digestion of oils
The olive oils were also digested using a microwave, without pre-treatment, using 0.25 
± 0.01 g. The digestion program was the same as for the soil and sediment samples 
(Section 2.3.2.2). The resulting solutions were made up to 50 ml in plastic volumetric 
flasks using DDW and stored at 4°C prior to analysis. However, a day after digestion, it 
was clear that the oils had not fully digested and were therefore unsuitable for analysis 
by ICP-MS. So the oils were analysed externally by the BP-Castrol Technology Centre 
(Pangbourne, Berkshire, UK) using an inductively coupled plasma optical emission 
spectrometer (ICP-OES, PerkinElmer Optima 3300 RL, Beaconsfield, UK). The oils were 
diluted with commercial grade white spirit (0.5 g oil in 10 g) and spiked with zirconium 
as the internal standard. The detection of boron was undertaken using two 
wavelengths, namely 249.677 and 249.772 nm.
2.3.5 Biological Tissues
Numerous homogenisation methods for hair were tested by Stovell (1999) and the 
optimum was to use stainless steel scissors to cut the hair into pieces approximately 3­
4 mm, then stored in Sterilin® containers until required. The tooth samples were simply 
washed twice using DDW and dried for 48 hours at 40°C.
2.3.5.1 Digestion
For the preliminary study, 0.20-0.25 g of unwashed hair and various masses of tooth 
(0.65-1.69 g) were used for microwave digestion as described Section 2.3.2.2. The 
resulting solutions were made up to 50 ml in plastic volumetric flasks using DDW and 
stored at <4°C prior to analysis.
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However, for the main study, the microwave was not available for use so different 
digestion methodologies were tested based on literature information. Also, the effect of 
washing the hair was tested using the IAEA acetone/water procedure as this was 
found to be the most commonly employed technique in the literature, although a 
wealth of other approaches have been used (Stovell, 1999). The washing procedure is 
given in Figure 2.4 (Ryabukhin, 1976). The acetone used was Analytical Reagent grade 
(Fisher Scientific).
Figure 2.4 The IAEA hair washing methodology (Ryabukhin, 1976).
Based on methods found in the literature, the following procedures were tested using 
unwashed and washed hair from the same source and the certified reference material 
GBW 07601 Human Hair (National Research Centre for Certified Reference Materials, 
Beijing, China) (n=3, 0.20 ± 0.02 g):
1. Dry ashing for 2 hrs at 200°C followed by 14 hrs at 400°C using 5 ml of 5% 
HN03 as an ashing aid, which has been previously proven to reduce losses for 
other volatile elements (Havercroft, 1989; Stovell, 1999). The residue was 
dissolved in 1 ml concentrated HN03 and diluted to 25 g with DDW;
2. Wet digestion using glass digestion tubes and heating block at 120°C for 2 hrs 
with 3 ml concentrated HN03 and 0.5 ml 30% H20 2, diluted to 25 g with DDW 
(Banuelos eta!., 1992); and
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3. Wet digestion using PTFE beakers with lids on a hotplate at 120°C for 2 hrs 
with 3 ml concentrated HN03 and 0.5 ml 30% H20 2, diluted to 25 g with DDW 
(Hunt and Shuler, 1989).
Spike recoveries (n=3) were also prepared by adding a known quantity of each 
element to an aliquot of hair in triplicate before digestion by one of the methods 
described above. The final digests were filtered through membrane filter units (0.45 
pm cellulose acetate) and analysed by ICP-MS, as described in Section 2.4.3 and the 
results for boron are shown in Table 2.2 below.
Table 2.2 Concentration of boron in hair using three different digestion methodologies (qg/q). 
_ Dry ashing Glass tubes PTFE beakers
n-3 Mean SD Mean SD Mean SD
Unwashed 0.34 0.14 12.02 4.53 6.54 1.18
Washed 0.13 0.06 10.52 5.13 5.41 0.28
GBW 07601 0.23 0.01 7.81 5.04 1.67 0.26
% Spike recovery__________28.0%________________211.5%_______________ 120.1%
NB: GBW 07601 reference value for B is 1.3 pg/g; SD=standard deviation.
As a result, the method utilising the PTFE beakers was chosen as the best technique. 
The effect of dilution factor used was then investigated as the quantity of hair available 
in each sample was variable, ranging from 0.05 g to >1 g. Using the following masses 
in triplicate, 0.05, 0.1, 0.2, 0.3 and 0.4 g, the hair was digested and diluted in one of 
two ways:
1. Using 3 ml concentrated HN03 and 0.5 ml H20 2 and diluted to 25 g with DDW 
regardless of initial mass
2. The volume of acid(A)/peroxide(P) and DDW was proportional to the original 
hair mass (H); 0.2H:3A:0.5P:25DDW giving a constant dilution factor of 125.
The effect of using different dilution factors on the concentration of boron can be seen 
in Figure 2.5. It was found that the constant dilution factor approach was more 
consistent, resulting in lower standard deviations. It can also be seen that using a 
sample mass of 300 mg resulted in a lower standard deviation. Therefore, for the 
digestion of the real samples, the PTFE method was employed using a sample mass to 
acid ratio of 0.3H:3A:0.5P:25DDW.
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Figure 2.5 The results of using variable and constant dilution factors for the analysis of boron 
in hair (|jg/g).
2.4 Analytical Instrum entation
The following sub-sections describe in detail the analytical instrumentation employed 
throughout this work. The principles, instrument configuration, interferences and 
methods of calibration are reported.
2.4.1 Flame Atomic Absorption Spectrometry (FAAS)
Flame atomic absorption spectrometry (FAAS) was used throughout this work to 
determine elemental concentrations in various media and was particularly suited for 
the analysis of concentrations at the ppm level, which would be unsuitable for ICP-MS 
determination without vast dilutions.
2.4.1.1 Principles
When atoms are in the ground state, they can be promoted to the first excited state by 
the absorption of a very narrow bandwidth of electromagnetic radiation. The 
wavelength of the radiation required is characteristic of the element. Typically a flame 
is used as an atomisation source to produce free atoms. The sample is usually 
introduced to the flame through a pneumatic nebuliser whereby the aqueous analyte is 
converted into an aerosol. This is mixed with the fuel and oxidant gases and is passed 
into the flame where the aerosol is desolvated, vaporised and finally atomised. A light 
source at the characteristic wavelength is passed through the flame and in the 
presence of the analyte atoms, a portion of this light is absorbed. The unabsorbed light 
passes through a monochromator and is detected. The amount of light absorbed is
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proportional to the concentration of the analyte in the sample, with respect to the 
Beer-Lambert law (Equation 2.1) (Vandecasteele and Block, 1993; Skoog et a!., 1998; 
Fifleld, 2000):
Equation 2.1 A = log (I0/I) = sbc
Where A=absorbance, I0=initial intensity, I in tensity after absorption, E=absorptivity 
coefficient, b=path length, c=concentration.
A simple schematic of a typical FAAS instrument is shown in Figure 2.6 below.
Light Source
Source
n = ^ — i
Sam ple Cell Specific Light Measurement
Monochromator Flectronics
------^ 6 -------------- £ ) ) —  > ---- □□□□
Chopper ) t
Flame 
or Furnace
—  —- '—v 1 /  t:----, .
------------  Detector Readout
Figure 2.6 Simple schematic diagram of a typical atomic absorption spectrometer (The Perkin- 
Elmer Corporation, 1996).
The light source used in this work was a hollow cathode lamp, which is a glass 
container filled with an inert gas and has a cathode coated in the element of interest. 
When a current is applied, the inert gas atoms ionise and are accelerated towards the 
cathode, colliding with the surface and ejecting the metal atoms. These atoms can 
then collide with other gas ions and are excited. On returning to the ground state, 
there is an emission of the metal's characteristic wavelength (Willard et ah, 1988; 
Skoog eta/., 1998).
The other type of lamp is an electrodeless discharge lamp which offers enhanced 
sensitivity over a hollow cathode lamp for some elements, typically volatile ones 
(Skoog et al., 1998). The construction is similar however, as the name suggests, 
electrodes are not used but rather radiofrequency or microwaves which excite the 
gaseous atoms. As before, on returning to the ground state, there is emission of the 
characteristic radiation (Willard eta/., 1988; Skoog eta/., 1998).
Different oxidant and fuel gas mixtures create different flame environments which 
strongly affects the atomisation process. The two most commonly implemented
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mixtures are air-acetylene and nitrous oxide-acetylene, with typical temperatures of 
2540K and 3150K respectively (Vandecasteele and Block, 1993).
2.4.1.2 Instrumentation
The instrument used in this work was a PerkinElmer AAnalyst™ 400 (PerkinElmer, 
Beaconsfield, UK). It has a double beam Echelle optical system with a segmented solid 
state detector. The spectrometer is interfaced with a PC, using the PerkinElmer 
WinLab32™ software to control the instrument. An air-acetylene flame was used 
throughout with a 10 cm burner head. Table 2.3 summarises the operating parameters 
used in this work. Three readings were taken per sample then averaged, with a 
separation time of 2 seconds between each measurement.
Table 2.3 Operating conditions 
AAnalyst™ 400.
for elements analysed by FAAS using the PerkinElmer
Element Fe Mg Ca
Wavelength (nm) 248.33 285.21 422.67
Current (mA) 25 30 30
Slit width/height (mm) 1.8/1.35 2.7/1.05 2.7/0.6
Calibration range (mg/l) 0.25 -  3 0.05-0.5 0.5-5
2.4.1.3 Interferences
FAAS can suffer from various types of interferences. Spectral interferences occur when 
the absorption line of the element of interest lies within 0.01 nm of another. However, 
this is simply remedied by choosing a different line, although this often results in a loss 
of sensitivity. Interferences from the matrix can be physical or chemical in nature 
(Fifield, 2000).
Physical matrix interferences can occur when samples contain high concentrations of 
salt concentrations or have a different viscosity to the calibration standards which 
causes a reduction in free atoms. This problem is overcome by matrix-matching the 
standards to the samples (Vandecasteele and Block, 1993).
Chemical interferences have several types. Some elements, such as calcium, readily 
form compounds with a low volatility, such as oxides, phosphates or sulphates (Fifield, 
2000). Releasing agents can be used to prevent such formations or protective agents 
which form stable but volatile compounds with the analyte (Vandecasteele and Block, 
1993). Dissociation interferences are caused when the presence of a substance in the
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sample prevents the dissociation of the analyte into atoms, e.g. HCI prevents the break 
up of NaCI or KCI. The other main problem in FAAS is with respect to ionisation as 
elements have different spectral lines for atoms and ions. Ionisation decreases the 
concentration of free atoms in the flame and therefore must be minimised. This can be 
achieved through using an ionisation suppressor, e.g. KCI is added in the analysis of Na 
(Vandecasteele and Block, 1993).
2.4.1.4 Calibration
Calibration was achieved by serial dilution of standards from either 1000 or 10000 mg/l 
standard solutions (Aristar®, BDH) using matrix matched solvents, e.g. 5% nitric acid 
for acid digestions, DDW for water samples, etc. The calibration range comprised of at 
least 5 standards including the blank and where ever possible, reagent/method blanks 
were also measured.
Calibration graphs were drawn in Microsoft® Excel™ by plotting absorbance of the 
calibration standards against the concentration. The least squares regression line and 
the coefficient of determination (R2) were then calculated as described in Appendix A. 
A typical calibration graph is shown in Figure 2.7.
Figure 2.7 A typical calibration graph for magnesium as determined by FAAS.
2.4.1.5 Instrument precision
In order to determine any instrumental drift throughout an analytical run, a calibration 
standard from the middle of the calibration range was repeatedly analysed at least
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every 10 samples along with a blank measurement to examine this effect. Figure 2.8 
shows a typical example of a drift chart for magnesium.
Figure 2.8 Drift chart for magnesium as determined by FAAS.
If the concentration of the check standard deviated more than ±5% of the expected 
value, a drift correction was applied. The samples were analysed in blocks of up to 10 
and were bracketed by a check standard in the measurement sequence. This is 
demonstrated in Equation 2.2.
_ _  _ _ Sample concentrationEquation 2.2 r
{Mean ChkStd / Std concentration)
Where Mean ChkStd=average of the first and final check standard in the analysis block.
2.4.2 Flame Atomic Emission Spectrometry (AES)
Flame atomic emission spectrometry (AES) or flame photometry, is a technique which 
has been common place in analytical laboratories for many decades. In this work, it 
was used for the analysis of sodium and potassium.
2.4.2.1 Principles
In contrast to FAAS, rather than the absorption of light, it is the emission of light which 
is observed in AES. After going through the same processes as FAAS, desolvation, 
vaporisation, atomisation and absorption of light from the lamp, the excited species is
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unstable and so returns to the ground state by emission of a characteristic wavelength. 
For AES, a light source is not required as the flame supplies enough energy to cause 
excitation of the free atoms. This technique is particularly suited to Group 1 metals 
which can easily reach the first excited state in an air-acetylene flame.
2.4.2.2 Instrumentation
The PerkinElmer AAnalyst™ 400 is also capable of measuring emission when it is 
selected in the 'Method Editor' of the WinLab32™ software. No lamps were required. 
The operating conditions are outlined in Table 2.4. As with FAAS, three readings were 
taken per sample then averaged, with a separation time of 2 seconds between each 
measurement.
Table 2.4 Operating conditions for elements analysed by AES using the PerkinElmer AAnalyst™
400.
Element Na K
Wavelength (nm) 589.00 766.49
Slit width/height (mm) 1.8/0.6 1.8/0.6
Linear dynamic range (mg/l) 0.1-0.75 0.1-1.0
2.4.2.3 Interferences
As with FAAS, ionisation must be controlled to prevent the production of free atoms in 
the flame. Suppressors such as 0.1% m/v KCI and 0.1% m/v LaCI3 are commonly 
employed and were used in this work (Analytical Reagent grade, Fisher Scientific).
2.4.2.4 Calibration
Calibration was achieved by serial dilution of standards from either 1000 or 10000 mg/l 
standard solutions (Aristar®, BDH) and were prepared using matrix matched diluents 
and ion suppression agents. Linear calibrations are notoriously difficult with Na and K, 
particularly when using emission. As a result, WinLab32™ is capable of non-linear 
calibration. This mathematical technique allows approximation of a straight line using 
Equation 2.3 (The Perkin-Elmer Corporation, 1996). This was performed by the 
software which automatically calculates the concentration in solution.
. _ K .A  + K-.A2
Equation 2.3 C  = K 0
K 2A
Where C is the concentration, A is the observed absorbance or emission, Klt K2 and K3 are 
coefficients determined during the calibration procedure and K0 is the reslope coefficient that is 
set equal to 1 during the initial calibration (The Perkin-Elmer Corporation, 1996).
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2.4.2.5 Instrument precision
As with FAAS, drift charts were used to monitor instrument stability. A typical example 
is shown in Figure 2.9. Any drift above ±5% was corrected as described in Section 
2.4.1.5.
0.330
0  0.320
01 
E
0  0.310
1
§  0.300 -
8 '
I  0.290 -rtJ
3U
^  0.280
M ean------- + 1S D ---------- 1S D --------+2S D ---------- 2SD —♦—0.3 ppm standard
+5%
-5%
50 100 150 200 250 
Run no
Figure 2.9 Drift chart for potassium as determined by AES.
2.4.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
Inductively coupled plasma mass spectrometry has been continually developed since 
the 1980s and is highly suited to inorganic analysis. The technique is linear over many 
orders of magnitude and capable of detection limits much below those obtained by 
FAAS. This technique was used extensively for analysis throughout this work.
2.4.3.1 Principles
In ICP-MS, the inductively coupled plasma is used to desolvate, vaporise, atomise and 
ionise the elements in a sample. The plasma is essentially a ball of ionised argon gas 
which is sustained by an induction coil which is used to induce a magnetic field with 
radio frequency. The ions produced are passed through a series of lenses which focus 
the ion beam before entering the quadrupole mass analyser. The isotopes of the 
elements are identified by their mass-to-charge ratio (m/t) and the intensity is directly 
proportional to the amount of that isotope in the original sample (Skoog and Leary, 
1992; Vandecasteele and Block, 1993).
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The most common form of sample injection is pneumatic solution nebulisation. Other 
methods include ultrasonic nebulisation, laser ablation, hydride generation and 
electrothermal volatilisation (Vandecasteele and Block, 1993). There are several types 
of nebulisers available including concentric, Babbington, crossflow and fritted discs, 
each having their own benefits and disadvantages based on the nature of sample to be 
analysed (Vandecasteele and Block, 1993). The concentric or Meinhard® nebuliser is 
the most common and was used throughout this work. The aerosol is passed into a 
spray chamber which acts as a filter to only allow the smallest droplets to be 
transported into the plasma; large droplets are deposited on the surface. As with 
nebulisers, there is a variety of different types available and in this work a Scott double 
pass spray chamber, which was thermostatically controlled at 2°C, was used.
The plasma is formed in a quartz 'torch', which contains three concentric tubes that are 
designed to allow the argon flow in a specific way. The central tube (injector) carries 
the sample aerosol, the middle tube is the main gas flow which supports the plasma 
and the exterior gas which acts as a coolant to prevent the quartz from melting (Figure 
2.10). Surrounding the torch is a water cooled copper induction coil connected to a 
radio frequency generator which creates a fluctuating magnetic field due to the ac 
current. A spark of free electrons from the ignitor quickly interact with the magnetic 
field and through collisions, they gain enough energy to ionise argon atoms, creating 
Ar+ and two electrons. These cations and electrons continue colliding with other argon 
atoms in a self sustaining reaction, creating intense thermal energy which can range 
between 6000 and 10000 K (Willard et a!., 1988; Skoog et a!., 1998).
Sample Aerosol 
in Argon
Figure 2.10 The inductively coupled plasma (Dudding, 2000).
Once the sample aerosol is transferred to the plasma, it is rapidly desolvated, 
vaporised, atomised and ionised. The ions are passed through a series of water cooled
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cones which link the plasma (operating at ~8000 K and atmospheric pressure) to the 
mass spectrometer (operating under vacuum at room temperature). Electrostatic 
lenses are then used to shape and focus the ion beam into the mass spectrometer. It 
is important to ensure the lenses are optimised as ions with different m/z have 
different kinetic energies and so do not follow the same path through the system. 
Therefore, the lenses were tuned according to the mass range being analysed to 
ensure maximum sensitivity, as it was found that significantly different settings were 
required for boron analysis than for other analytes.
The mass analyser is a quadrupole system which consists of four parallel cylindrical 
rods which act as electrodes. Opposite pairs are electrically connected to a variable dc 
source and a variable radio frequency ac source. Ions are accelerated into the 
quadrupole and by varying the magnitude of the dc/ac voltages, only certain m/z 
values are allowed through to the detector. Other m/z ions hit the rods becoming 
neutral species (Skoog et at., 1998).
The instrumentation used in this work had the benefit of two detectors depending on 
the intensity of the ion beam; a) channel electron multiplier and b) Faraday cup. The 
channel electron multiplier is a trumpet shaped device which is coated in a semi­
conducting lead oxide material that ejects electrons on impact from an ion. The initial 
impact projects the electrons into the trumpet which in turn impact on the surface and 
release more electrons. This effect results in signal gain. The response time is within 
nanoseconds and is capable of detecting low ion levels due to the high gain, but large 
intensity ion beams can damage the detector. Therefore, the Faraday cup is used as it 
is capable of handling higher intensity ion beams although it is less sensitive and 
requires longer dwell times than the electron multiplier. As the name suggests, it is a 
cup shaped metal tube and when ions hit the surface, they give up their charge 
causing a drop in voltage across a load resistor (Vandecasteele and Block, 1993; Skoog 
et at., 1998).
2.4.3.2 Instrumentation
The instrument used in this work was a Finnigan MAT Sola ICP-MS (Finnigan Corp., 
Hemel Hempstead, UK). A schematic is shown in Figure 2.11. The Finnigan MAT Sola 
uniquely uses three cones at the interface: sampler, skimmer and accelerator; and is
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equipped with 2 detectors, as described in Section 2.4.3.1. The computer software 
used was FM SOLA vl.70 (Finnigan Corp., Hemel Hempstead, UK).
The measuring parameters used in the analysis program for boron and the trace/toxic 
elements are shown in Table 2.5.
Table 2.5 Summary of ICP-MS acquisition parameters. nM denotes an internal standard
__________ isotope.___________________________________________________________
Detector Channel electron multiplier
Dwell time 10 ms
Passes 60
Channels 8
Scans 1
Isotopes monitored:
Boron run 9Be+ and 10B+
Multi-element (wine) 7L i\  9Be+, 55Mn+, 65Cu+, 68Zn+, 69Ga+, 74Ge+, 75As+, 82Se+, 85Rb\
88Sr+, 114Cd+, 115In+, 138Ba+, 205TI+, 206Pb+, 207Pb+ and 208Pb+
Multi-element 9Be+, 10B \  55Mn+, 57Fe+, 59Co+, 65Cu+, 68Zn+, 69Ga+, 74Ge+, 75As\
(water/soil/sediment/hair) 82Se+, 114Cd+, u5In+, 205TI\ 206Pb+, 207Pb+ and 208Pb+
However, before starting quantitative analysis, some important instrumental 
parameters were optimised. According to the Saha equation, only approximately 50% 
of the boron present is ionised in the plasma and due to its light mass is more affected 
by space-charge effects (Vandecasteele and Block, 1993). Therefore, forward power 
and nebuliser flow rate were optimised to ensure maximum signals were obtained for
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boron analysis, thus allowing maximum sensitivity. This was achieved by measuring a 
boron standard with internal standards and setting the nebuliser flow rate (0.70 to
1.05 l/min at 0.05 intervals) then incrementally increasing the forward power 
supporting the plasma (1200, 1300, 1400 and 1500 W), allowing 10 minutes settling 
time. The results of this experiment are shown in Figure 2.12. The optimum signal 
count for boron (10B+) occurred at 1400 W forward power and 0.80 l/min nebuliser flow 
rate. These conditions were used throughout this work and whilst not ideal for the 
entire mass range, satisfactory levels of sensitivity were achieved.
The instrument was tuned on a daily basis, using the internal standard. Typical 
operating parameters used are shown in Table 2.6.
Table 2.6 Typical operating parameters for the Finnigan MAT Sola ICP-MS.
Forward power 1400 W Extraction 2.81
Reflected power <5 W Focus 7.63
Coolant flow 16 l/min Match 5.80
Intermediate flow 1.2 l/min Pole bias 2.29
Nebuliser pressure 1.95 bar Filter 9.89
Nebuliser flow rate 0.80 l/min Interspace 10.00
Pump speed 10.2 rpm Discriminator 0.39
Spray chamber temp. 2°C Multiplier voltage* 4.75
Resolution 32 Spectrum/Integral Spectrum
Y-steer 6.40 Vacuum 1 0.0 x 10'3 mbar
Y-deflection 4.73 Vacuum 2 2.8 x 10° mbar
X-deflection 5.55 Vacuum 3 1.4 x 10 s mbar
*the multiplier voltage increased over the course of this work
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2.4.3.3 Interferences
There are two main types of interferences which must be considered when using ICP- 
MS, namely spectroscopic and non-spectroscopic interferences. There are two causes 
of spectroscopic problems, isobaric and polyatomic, which occur when the interfering 
species has the same m/z as the isotope of interest. Isobaric interferences happen 
when the isotope of one element has the same mass as an isotope of a different 
element, e.g. 58Ni+ (67.7% natural abundance) and 58Fe+ (0.33% natural abundance) 
(Vandecasteele and Block, 1993). Polyatomic interferences are caused by combinations 
of isotopes from the plasma gas, eluent or sample, overlapping on to the mass of the 
isotope of interest. For example, the species 40Ar12C+ or 35CI160H + both give a mass of 
52 which overlaps 52Cr+ (Vandecasteele and Block, 1993). Methods to overcome these 
problems include choosing different isotopes, performing corrections based on 
measuring other isotopes of the interfering element and different sample introduction 
devices. Table 2.7 lists the potential interferents on the elements of interest in this 
work.
Table 2.7 Isobaric and polyatomic interferences on elements of interest in ICP-MS analysis
(Vandecasteele and Block, 1993; Stone, 2006). nM denotes an internal standard.
Isotope
(% abundance)
-----—
Isobaric
--‘-------- .............................
interferences 
(% abundance)
Polyatomic interferences
7Li+ (92.5)
9Be+ (100)
10B+ (19.9)
55Mn+ (100) 40Ar14NH+, 39K160 +, 37CI180 +, 40Ar15N+, 38Ar170 +,36Ar18OH+, 38Ar16OH+, 37CI170H+, 23Na32S+ 
32S160 2H+, 40Ar25Mg+, 40Ca16OH+, 36Ar14N2H+,
65Cu+ (30.8) 32s 33s +, 32s 16o 17o +, 33s 16o 2+, 12c 16o 37c r ,
12c 18o 35c r
68Zn+ (18.8) 36s16o 2+, 34s16o 18o +, 40a 14n 2+, 35c i16o 17o +, 34s 2+,36Ar32S+, 34S170 2+, 33S170 180 \  32S180 2+, 32S36S+
69Ga+ (60.2) 37c i15o 2+
74Ge+ (36.5) 74Se+ (0.9) 40Ar34S+, 35Ar38Ar+, 37CI37CI+, 38Ar36S+
75A s + ( 1 0 0 ) 40Ar35CI+
82Se+ (9.2) 82Kr+ ( 1 1 . 6 ) 12C35CI2+, 34S160 3+, 40Ar2H2+
85Rb+ (72.5) 169Tm2+, 170Er2+, 170Yb2+, 171Yb2+
®Sr+ (82.6) 175Lu2+, 176Lu2+, 176Yb2+
114Cd+ (28.9) U4Sn+ (0.65) 98Mo160 +
usIn+ (95.7) u5Sn+ (0.36)
138Ba+ (71.7) 138La+ (0.09), 138Ce+ (0.25)
205TI+ (70.5)
206Pb+ (24.1) 190p^ l6Q+
207Pb+ (22.1) 191lr160 +
208Pb+ (52.4) 192Pt160 +
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Non-spectroscopic interferences are caused by species present in the sample matrix 
which affect the signal intensity. The most common example is when the sample 
contains a high level of salts with a low volatility. In extreme cases, salt may be 
deposited in the apertures of the cones (part of the interface) resulting in a reduction 
of the ion signal. In less severe cases, ionisation suppression occurs due to the 
presence of easily ionised elements, such as potassium and sodium. This causes a shift 
in the ionisation equilibrium (M M+ + e") resulting in elements of interest being 
ionised to a lesser extent (Vandecasteele and Block, 1993). Ways to correct for non- 
spectroscopic interferences include (Vandecasteele and Block, 1993):
• Dilution -  simply diluting the problem however this also dilutes the elements of 
interest;
• Matrix-matching -  the calibration standards are matched to the matrix under 
investigation;
• Internal standardisation -  a non-endogenous element of known concentration 
is added to all standards and samples and is monitored. Correction is applied 
using the ratio of the internal standard signal with the isotopes of interest (see 
Section 2.4.3.4 for further information);
• Standard addition -  a known amount of the element of interest is added to the 
sample; and
• Chemical separation -  the interferent is removed and the sample purified, e.g. 
using exchange resins.
The analysis of boron also suffers from a type of spectral interference. As boron is next 
to 12C+, the presence of large quantities of carbon can cause a very large peak which 
can overlap on the UB+ peak area and even 10B+ in extreme cases. The problem cannot 
be rectified through internal standardisation as it does not affect the 9Be+ peak. This 
effect was investigated due to the presence of ethanol in wine.
The interference was studied by measuring boron with added ethanol to establish how 
much carbon affected the boron signal. Therefore, a solution containing ethanol at 
0.5% v/v (Analytical Reagent grade, Fisher Scientific) with boron at 50 pg/l was 
prepared; the ethanol content reflected the maximum level found in wine after dilution. 
It was found that the 12C+ did significantly affect both boron isotopes, so some 
instrumental parameters were adjusted in an attempt to eliminate this effect. The pole
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bias and resolution1 settings were both increased to essentially reduce the size of the 
peak measurement window which resulted in apparent separation of the peaks. This 
did however cause a loss of sensitivity for boron but the level was still acceptable for 
analysis. Therefore these parameters were adopted for boron measurement in wine 
(pole bias = 8.00; resolution = 36).
Another major concern with boron analysis is the memory effect caused by samples 
containing high concentrations of boron, as it readily adheres to surfaces, such as 
tubing and nebuliser walls, resulting in long wash out times. Some authors have 
reported the use a various eluents, such as sodium fluoride in 0.02 mol/l nitric acid, 
Triton X-100 in dilute nitric acid, mannitol, ammonia, mannitol-ammonia mix and 
hydrogen peroxide solution, to minimise this issue (Evans and Krahenbtihl, 1994; 
Probst et at., 1997; Al-Ammar et at, 1999; Darbouret and Kano, 2000; Sun et at, 
2000). Therefore, an experiment was performed to determine the best eluent to use.
The following solutions were prepared: DDW, 0.15 M HN03, 1.5 M HN03, 0.1 M 
ammonia (NH3), DDW with 0.25% m/v mannitol, 0.15 M HN03 with 0.25% m/v 
mannitol and 0.1 M NH3 with 0.25% m/v mannitol. The reagents used were supplied 
by BDH (Aristar® nitric acid; Aristar® ammonia) and Fisher Scientific (Analytical 
Reagent mannitol). Each solution was washed through the instrument for 10 minutes 
and 4 blank readings were taken to establish the background levels. Then a 100 pg/l 
boron standard was introduced and analysed 5 times. The washout eluent was re­
introduced and the boron signal was analysed a further 6 times to establish how 
quickly it returned to background levels.
The results are shown in Figure 2.13. It was found that 0.1 M ammonia gave the 
lowest background signal and returned the signal to background levels the quickest 
after the high concentration standard. Flence it was used for the analysis of all water 
samples, requiring two minutes washout time. However, it would not be suitable for 
analysing digested solutions due to the acidic content of these samples. The mixing of 
acid and alkali could result in neutralisation reactions and possibly salt deposition, 
leading to a blockage of the sample introduction system. Consequently, 0.15 M HN03
1 Resolution in this case refers to an instrumental parameter which adjusts the sampling window but does 
not increase the resolution in terms of peak separation (which is usually denoted R)
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was chosen for analysis of acid digested samples, which required a washout time of 
three minutes.
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Figure 2.13 Results of boron washout experiment using different eluents.
2.4.3.4 Calibration
Calibration standards were prepared by serial dilution from 1000 and 10000 mg/l single 
element solutions (Aristar®, BDH; Primar®, Fisher Scientific) in matrix matched 
diluents. The following concentrations were used: 0, 10, 25, 50, 75 and 100 pg/l and in 
some cases, a 150 pg/l standard was also measured.
As discussed in Section 2.4.3.3 above, internal standards (IS) are employed to monitor 
the instrumental drift and to correct for any enhancement/suppression effects from the 
samples. For boron, beryllium (9Be+) was used due to its proximity in mass despite the 
difference in ionisation energy. The mass was found to be more important as the next 
possible internal standard was 45Sc+ which did not behave in the same way as both 
9Be+ and 10B+. Table 2.8 summarises the choice of IS for the isotopes analysed.
68
Chapter Two -  Analytical Methodology
Table 2.8 Summary of internal standards used for correcting analyte isotopes.
Analysis Internal standard isotope Analyte isotope
Boron run 9Be+ i°B+
Multi-element 9Be+ 7U+
(wine) 59Ga+ 55Mn+, 65Cu+ and 68Zn+
74Ge+ 75As+, 82Se+, 85Rb+ and 88Sr+
115In+ 114Cd+ and 138Ba+,
205t t 2 ° 6 p b+/ 2 0 7 p b +  a n d  2 0 8 p b+
Multi-element 59Co+ 55Mn+ and 57Fe+
(water/soil/sediment/hair) 69Ga+ 65Cu+ and 68Zn+
74Ge+ 75As+ and 82Se+,
115In+ 114Cd+
205t t 206Pb+, 207Pb+ and 208Pb+
The IS correction was performed using the raw ion intensities according to Equation 
2.4. The resulting ratios were then used to calculate calibration graphs and for 
determining the concentrations in solution.
Equation 2.4 Analyte intensity (cp s)
IS intensity (cps)
Calibration graphs were drawn in Microsoft® Excel™ by plotting the IS ratios of the 
calibration standards against the concentration. The exception to this was lead where 
the three isotopes were summed before plotting calibration graphs to minimise the 
effects of natural isotope variation. The least squares regression line and the 
coefficient of determination (R2) were then calculated as described in Appendix A. 
Typical calibration graphs for boron and arsenic are shown in Figures 2.14 and 2.15.
Figure 2.14 Typical calibration graph for boron as determined by ICP-MS.
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Figure 2.15 Typical calibration graph for arsenic as determined by ICP-MS.
2.4.3.5 Instrument precision
As was stated above, the use of internal standards was employed for monitoring the 
instrumental drift throughout the analysis run. In addition to this, the blank and a 
check standard, typically the middle calibration standard, were repeatedly analysed at 
least every 10 samples throughout the run. Typical internal standard plots are shown 
in Figures 2.16 and 2.17 for boron correction and multi-element correction 
respectively. Figures 2.18 and 2.19 show typical drift charts for boron and arsenic. As 
previously mentioned, the data were corrected as described in Section 2.4.1.5 if the 
check standard concentration was greater than ±5% of the expected value.
Figure 2.16 A typical internal standard plot for beryllium (used to correct for boron).
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Figure 2.17 A typical internal standard plot for cobalt, gallium, germanium, indium and 
thallium (used to correct for the multi-element analysis).
M ean  + 1 S D  1S D  + 2S D  2SD - * - 5 0  pg/l standard
Run no
Figure 2.18 A typical drift chart for boron as determined by ICP-MS.
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M ean  + 1S D  1S D  + 2S D  2SD —■— 50 pg/l standard
Run no
Figure 2.19 A typical drift chart for arsenic as determined by ICP-MS.
2.4.4 Molecular Spectroscopy -  Ultraviolet and Visible Absorption 
Spectroscopy
The use of compounds which cause a reaction or product to absorb light in the 
ultraviolet and visible region has found many applications in chemistry and biology. 
This work employed the azomethine-H assay for boron analysis as an inter-method 
comparison to ICP-MS.
2.4.4.1 Principles
Ultraviolet and visible (UV/Vis) spectroscopy covers the high UV to visible range of the 
electromagnetic spectrum, approximately 180-800 nm. Typically organic molecules 
containing high levels of conjugated or unsaturated bonds and transition and 
lanthanide elements absorb light in this region due to the availability of orbitals where 
these electronic transitions can occur. The absorption is proportional to concentration 
and also obeys the Beer-Lambert law in the same way as in FAAS, see Equation 2.1.
The use of UV/Vis spectroscopy was the definitive technique for boron analysis until 
the advent of plasma spectrometry. The technique is based on the colour development 
of boron complexes with specific reagents. The colour reagents used include carmine, 
curcumin, methylene blue and the most frequently employed is azomethine-H (Sah and 
Brown, 1997a). The azomethine-H assay is fast, simple, sensitive, does not require 
concentrated acids (unlike the carmine method), suffers from the least interferences 
and can be automated (Basson et a!., 1969; Sah and Brown, 1997a). The structure of
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the dye is shown in Figure 2.20, §im§ek and co-workers ascertained that the 
spectrometric method was comparable to ICP-OES (§im§ek eta!., 2003).
s o 3h
Figure 2.20 The structure of azomethine-H.
The stoichiometry of azomethine-H to boron was measured experimentally using the 
Job's method for Determination of Stoichiometry (also called the Method of Continuous 
Variation) and was found to be 2 molecules of azomethine-H to 1 molecule of boric 
acid.
2.4.4.2 Instrumentation
The UV/Vis spectrometer utilised in this work was a Cecil CE 8020 dual beam 
instrument with a thermostatically controlled (25°C) water-jacketed cuvette holder 
(Cecil Instruments, Cambridge, UK). The baseline was performed against air as the 
reference cell was not temperature regulated. This has been shown to cause baseline 
drift resulting from degradation of the reference blank over time (John et a!., 1975). 
The procedure suffering from the least interferences and most commonly referenced in 
the literature is described by Bingham and was used unmodified in this work (Bingham, 
1982). The assay required the preparation of three solutions, which are described in 
Figure 2.21, using Analytical Reagent grade chemicals (Fisher Scientific) with the 
exception of ascorbic acid (A.C.S. +99.5%, Sigma Aldrich, Gillingham, UK).
2.4.4.3 Interferences
Studies in the literature have shown that sample colour, pH, temperature and high 
concentrations of aluminium, copper, fluoride, iron, molybdenum and zinc can still 
cause major interferences in the analysis of boron using azomethine-H (John et a/., 
1975; Lopez et a!., 1993; Nyomora et a!., 1997; Sah and Brown, 1997a). The analysis 
of water did not encounter these problems, but analysis of soils, sediments and wine 
highlighted the problem of pH and colour. It was also necessary to prepare matrix- 
matched calibration standards as a decrease in absorbance was observed.
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C-----------------------------------------------------------------------------------------------\
Buffer solution: Dissolve 250 g of ammonium acetate and 15 g of 
ethylenediaminetetraacetic acid disodium salt in 400 ml of DDW then slowly 
125 ml of acetic acid glacial and mix. Store at 4°C
Azomethine-H solution: Dissolve 0.45 g azomethine-H reagent in 100 ml 
of 1% m/v ascorbic acid. Store at 4°C for up to 1 week
f--------------------------------------------------------------------------------------------
Boron stock solution: Dissolve 0.114 g of boric acid in DDW (or matrix 
matched) and make up to 1000 ml in a plastic volumetric flask. Store at 4°C
Figure 2.21 The azomethine-H methodology (Bingham, 1982).
2.4.4.4 Calibration
Standards were prepared daily from the stock solution using an appropriately matrix- 
matched diluent. A typical calibration curve is shown in Figure 2.22. The blank value is 
not zero, as the solution is coloured and absorbs at 420 nm. This is because the 
baseline was performed against air due to the lack of temperature control for the 
reference cell. Therefore, the intercept on the calibration graph is not zero in order to 
correct for this.
Figure 2.22 A typical calibration curve for boron using azomethine-H assay.
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2.4.4.5 Instrument precision
In order to monitor instrumental precision, a check standard was repeatedly analysed 
through the analytical run to detect any drift. The 2 mg/l calibration standard was used 
for this purpose. Figure 2.23 shows a typical drift chart for the measurement of boron 
using the azomethine-H assay. Any drift above ±5% of the expected concentration 
was corrected as described in Section 2.4.1.5.
m e a n  U S D  1S D  + 2S D  2SD ♦ 2 mg/l standard
Run no
Figure 2.23 A typical drift chart for boron using azomethine-H assay.
2.5 Quality Control
To ensure analytical measurements are accurate and repeatable, quality control 
procedures are implemented to achieve this. As has been described previously, the 
replicate analysis of a calibration standard allows monitoring of instrumental drift and 
accuracy of the calibration. Another method is to employ the use of certified reference 
materials (CRMs). These are substances which are matched to real sample matrices 
and are certified for their chemical composition. They can also be used for method 
validation as digestion efficiency is also monitored.
An additional quality control procedure is to compare two different techniques or 
laboratories in an inter-comparison study. This ensures there is no bias caused by 
either instrumentation or laboratory.
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2.5.1 Accuracy
Certified reference materials were used in this work for method validation and to 
ensure continued accuracy of analysis. The following CRMs were employed:
• NCS DC 73319 Chinese Soil (National Research Centre for Certified Reference 
Materials, Beijing, China);
• BCR 601 Extractable Trace Metals in Lake Sediment (Institute for Reference 
Materials and Measurements, Geel, Belgium);
• GBW 07605 Tea (National Research Centre for Certified Reference Materials, 
Beijing, China);
• NCS DC 73349 Bush Twigs and Leaves (National Research Centre for Certified 
Reference Materials, Beijing, China);
• NIST SRM 1643e Trace Elements in Water (National Institute of Standards and 
Technology, Gaithersburg, USA);
• TMDA 54.4 Trace Elements in Fortified Lake Ontario Water (National Water 
Research Institute, Ontario, Canada); and
• GBW 07601 Human Hair (National Research Centre for Certified Reference 
Materials, Beijing, China).
The following tables (Tables 2.9 to 2.13) present the results of the various CRMs 
measured in this work in comparison to their certified or information value. In general, 
the standard deviation of the measured results overlap with the uncertainty range 
quoted for the reference materials.
Table 2.9 Soil and sediment quality control data for NCS DC 73319, presented as mean ± 
standard deviation for measured values and mean ± uncertainty for certified values
 (pg/g)-______________________________________________
Element Measured Certified
Arsenic 34.8 ± 2.4 34 ±4
Boron 54.7 ± 4.9 50 ± 3
Cadmium 4.2 ± 0.6 4.3 ± 0.4
Copper 19.6 ± 2.9 21 ± 2
Lead 93.3 ± 7.3 98 ± 6
Zinc 653.8 ± 53.3 680 ± 25
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Table 2.10 Soil and sediment quality control data for BCR601, presented as mean ± standard 
__________ deviation for measured values and mean ± uncertainty for certified values (pg/g).
Element Certified MeasuredStepl Step2 Step3 Stepl Step2 Step3
Arsenic nc nc nc 1.5 ± 0.2 49.0 ± 3.2 0.4 ± 0.2
Boron nc nc nc 6.3 ± 1.6 3.3 ± 1.0 29.7 ± 4.8
Cadmium 4.1 ± 0.2 3.0 ± 0.2 1.8 ± 0.2 3.7 ± 0.2 3.2 ± 0.3 1.4 ± 0.1
Copper 8.3 ± 0.5* 5.7 ± 3.2* 116 ± 26* 8.5 ± 0.2 2.4 ± 0.5 86 ± 4.1
Lead 2.9 ± 0.4 33.1 ± 10.0* 109 ± 13 1.6 ± 0.1 17.6 ± 2.4 132 ± 37
Zinc 264 ± 5 182 ±11 137 ± 30* 167 ± 22 187 ± 21 112 ± 18
*=indicative value; nc=not certified.
Table 2.11 Plant quality control data for boron measured in GBW 07605 and NCS DC 73349, 
presented as mean ± standard deviation for measured values and mean ± 
___________uncertainty for certified values (pg/g)._____________________________________
Boron Measured Certified
GBW 07605 15.2 ± 3.4 15 ±3
NCS DC 73349 33.8 ± 7.8 38 ± 6
Table 2.12 Quality control data for NIST SRM 1643e and TMDA 54.4, presented as mean ± 
standard deviation for measured values and mean ± uncertainty for certified 
values (pg/l, except *=mg/l).
Element SRM 1643e 
Measured Certified
TMDA 54.4 
Measured Certified
Arsenic 51.8 ± 1.4 60.45 ± 0.72 37.4 ± 0.6 43.6 ± 7.3
Barium 557 ± 46 544.2 ± 5.8 228 ± 4 237 ± 32
Boron 169 ± 28 158 ± 4 63 ± 5 60 ± 11
Cadmium 5.72 ±0.27 6.568 ± 0.073 143.7 ± 6.1 158 ± 17
Calcium* 31.6 ± 1.8 32.3 ± 1.1 <0.2 nc
Copper 18.2 ± 2.7 22.8 ± 0.3 422 ± 33 443 ± 37
Lead 19.1 ± 2.1 19.6 ± 0.2 513 ± 43 514 ± 45
Lithium 13.3 ± 1.7 17.4 ± 1.7 19.1 ± 6.6 25.7 ± 3.4
Magnesium* 8.5 ± 0.3 8.0 ± 0.1 <0.01 nc
Manganese 45.1 ± 10.7 38.0 ±0.5 337 ± 22 275 ± 21
Potassium* 3.74 ± 1.17 2.034 ± 0.029 1.7 ± 0.1 nc
Rubidium 15.1 ± 2.0 14.1 ± 0.2 <2.8 nc
Selenium 11.8 ± 1.3 11.97 ± 0.14 27.2 ± 0.8 33.0 ± 6.3
Sodium* 20.8 ± 3.5 20.7 ± 0.3 5.2 ± 0.1 nc
Strontium 319 ± 18 323.1 ± 3.6 566 ± 47 589 ± 56
Zinc 72.4 ± 5.5 78.5 ± 2.2 493 ± 42 537 ± 58
nc=not certified.
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Table 2.13 Hair quality control data for GBW 07601, presented as mean ± standard deviation 
__________ for measured values and mean ± uncertainty for certified values (pg/g).________
Measured Certified
Arsenic 0.18 ± 0.03 0.28 ± 0.04
Boron 1.44 ± 0.28 1.3*
Cadmium 0.11 ± 0.02 0.11 ± 0.02
Calcium 2407 ± 233 2900 ± 200
Copper 10.6 ± 1.3 10.6 ± 0.7
Iron 54.2 ± 2.7 54 ± 6
Lead 8.7 ± 0.5 8.8 ± 0.9
Magnesium 264.7 ± 5.4 360 ± 30
Manganese 4.7 ± 0.2 6.3 ± 0.5
Potassium 18.4 ± 0.5 20*
Selenium 0.75 ± 0.12 0.60 ± 0.03
Sodium 131.7 ± 16.0 152 ± 10
Zinc 155.3 ± 20.8 190 ± 5
*=indicative value.
2.5.2 Inter-Technique Comparison
Another method of quality control is to analyse a set of standards or samples using two 
different analytical techniques. In this work, ICP-MS was compared to the UV/Vis assay 
using a set of water samples. A Paired t-test was then performed (in accordance with 
Appendix A) to test for any significant differences. The tcaic value was calculated as 
1.32 which is lower than the tcrit value of 2.04 for n=32 at the 95% confidence interval, 
proving there was no difference between the two methods.
2.6 Analytical Figures o f Merit
The limits of detection were calculated by repeated measurements of the blank. The 
precision was determined by replicate analysis of a standard solution and is reported 
as the relative standard deviation. The equations used for these calculations are 
provided in Appendix A. The analytical figures of merit are presented in Table 2.14.
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Table 2.14 Summary of the analytical figures of merit.
Analytical technique Element Detection limit Precision (± %)
FAAS Iron 0.03 mg/l 1.7
Magnesium 0.01 mg/l 1.8
Calcium 0.2 mg/l 1.1
AES Sodium 0.02 mg/l 2.5
Potassium 0.02 mg/l 1.5
ICP-MS Arsenic 2.0 pg/l 1.9
Barium 1.0 pg/l 4.4
Boron 3.9 pg/l 5.1
Cadmium 0.4 pg/l 2.4
Copper 1.6 pg/l 2.7
Iron 16.8 pg/l 5.9
Lead 1.7 pg/l 4.4
Lithium 0.7 pg/l 1.4
Manganese 1.3 pg/l 2.9
Rubidium 2.8 pg/l 4.0
Selenium 2.6 pg/l 2.4
Strontium 2.0 pg/l 2.3
Zinc 1.2 pg/l 3.2
UV/Vis spectrometry Boron 0.03 mg/l 1.0
ICP-OES* Boron 1 mg/l -
^analysis performed by BP-Castrol Technology Centre, Pangbourne, Berkshire, UK
2.7 Summ ary
This chapter summarised the analytical methods and techniques used in this work. The 
sampling protocols and preparation of samples for analysis were also described. Where 
appropriate, methods were validated using spiking experiments and certified reference 
materials. The analytical instrumentation was fully described with information 
regarding the principles, interferences, operating conditions and calibration of the 
equipment.
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3.1 Introduction
This chapter reports the results of the preliminary study in the San Jose de Jachal 
region, San Juan, undertaken in July 2005, prior to the main investigation in 2006. This 
enabled the development of the sampling methodology and identification of key sites. 
A variety of environmental and biological media were collected, namely water, river 
sediment, soil, plant, wine, olive oil, human hair and human tooth samples, to 
determine the levels of boron present in this region and how they compare to literature 
values. The feasibility of using hair and teeth as biomonitors for exposure to boron was 
also assessed. Additionally, selected elements of interest were also determined in the 
environmental samples for exploratory purposes.
3.2 Sampling locations
The town of San Jose de Jachal is approximately 150 km north of San Juan, its location 
in Argentina is shown in Figure 2.1 in Chapter 2. A more detailed map of the region is 
given in Figure 3.1.
In accordance with the protocols outlined in Section 2.2, samples were collected from 
the main river systems (Rio Blanco, Rio Jachal and Rio Huaco), which included river, 
dam, lake, irrigation and residential tap water samples. River sediments, surface soils 
and plants were also gathered. Additionally, human scalp hair, tooth samples, wine and 
olive oil were provided. The detailed sampling locations can be seen in Figure 3.2 with 
further information given in Table 3.1 below.
Table 3.1 Description of sampling sites and types for the preliminary study in San Jose de 
__________ Jachal, San Juan, 2005.___________________________________________________
Code Location and description Sample types
1 Rio Blanco, 6.5 km from Rodeo to Angualasto water, sediment, plants
2 Cuesta del Viento dam water, sediment, plants
3 Rio Colola, tributary which leads into Cuesta del 
Viento dam
water, sediment, plants
4 Rio Jachal, Pachimoco dam water, sediment, plants
5 San Jose de Jachal tap water, tooth samples
6 Agricultural region of La Pampa, irrigation channel irrigation water, soil and plants
7 Rio Huaco, Dique de los Cauquenes dam water, sediment, plants
8 Agua Negra, outflow, spring and river water, sediment, plants
9 Rio Jachal, Niquivil, irrigation channel, local store water (river, irrigation, tap), soil,
and domestic house sediment, plants, scalp hair
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Figure 3.1 Detailed map of the region surrounding San Jose de Jachal (taken from 
http://www.argentour.com/es/provincia/sanJuan/sanJuan.php).
The samples were prepared as outlined in Section 2.3 and analysed by the analytical 
techniques described in Section 2.4. The results are presented and discussed in the 
subsequent sections. The concentrations of boron and selected elements in water, 
sediments and plants are shown schematically to aid the recognition of trends. These 
diagrams show the location of the sampling site (corresponding to Figure 3.2) with the 
elemental content at that point in the river system. The main river flow is from north 
west to south east (sites 1 -> 2 -> 4 -> 9):
Rio Blanco —► Cuesta del Viento Dam —► Rio Jachal
There are two tributaries, the Rio Colola and Agua Negra (sites 3 and 8 respectively), 
which are shown flowing into this main system. Dique de los Cauquenes, site 7, is part 
of the Rio Huaco system (Figure 3.1) which has a tributary that joins the Rio Jachal at 
a point further north westerly of site 7. It should be noted in these schematic diagrams 
that site 5 (San Jose de Jachal) is shown with no colour as only tap water samples 
were collected here but it is depicted for continuity of the river flow.
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The use of schematic diagrams which follow the river flow allowed the identification of 
elemental trends (Sections 3.3 to 3.5). The concentrations for the trace and toxic 
elements in water are presented in tabular form (Table 3.7). The results of the wine 
analysis are given in Section 3.6.1 and the problems encountered with the 
measurement of olive oil are described in Section 3.6.2. The concentrations of boron in 
human tissues, namely hair and teeth, are presented in Section 3.7.
3.3 W ater
This section reports the analytical results for the various water samples collected, 
namely river, irrigation and tap water. They were analysed for pH and elemental 
concentrations. The following were detected in the samples: boron, arsenic, calcium, 
copper, magnesium, selenium, sodium and zinc, and are described in the subsequent 
sections. The full results for the elemental levels present in each of the location are 
given in Appendix B.
3.3.1 pH
The pH values for the water samples ranged from 7.5 to 8.1. According to the pH 
distribution chart in Figure 1.1, the majority of boron will be present in the aqueous 
phase as boric acid, with a small percentage of borate anions (Darbouret and Kano, 
2000).
3.3.2 Boron
The schematic for the distribution of boron in river water is shown in Figure 3.3. The 
diagram easily shows the highest boron concentrations were found at Dique de los 
Cauquenes, Agua Negra and Niquivil (sites 7, 8 and 9) compared with Rio Blanco, 
Cuesta del Viento and Rio Jachal (sites 1, 2 and 4), perhaps indicating different sources 
in these areas. Interestingly, the Rio Colola (site 3) was found to contain 0.43 ± 0.12 
mg/l which is more typical for fresh water literature values (0.01-1 mg/l, Table 1.2). 
The levels observed in rivers in the San Jose de Jachal region are higher than literature 
values, with a mean and range of 4.16 and 2.44-5.72 mg/l respectively. They are also 
higher than data obtained from previous studies in the ICP-MS Facility, monitoring 
other rivers in Argentina, namely the Rio San Juan (1.97 mg/l) and Rio Negro, 
Patagonia (0.14 mg/l). The average concentration measured in this work was in 
agreement with the only other published data regarding boron in the Jachal region,
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which was 4.5 mg/l (Adamo and Crews-Meyer, 2006). Whilst the levels found in this 
region are high in comparison to typical natural background levels, they are not the 
highest described. Coughlin (1998) reported natural concentrations in rivers in Chile 
ranging from 5 to 15 mg/l whereas Howe (1998) quoted levels of 150-350 mg/l boron 
in arid regions of the USA.
1. Rio Blanco - Angualasto 7. Rio Huaco -  Dique 
de los Cauquenes
N
A
4. Rio Jachal -  
2. Rio Blanco -  Cuesta pachimoco dam  
del Viento dam
3. Rio Colola
Key: Concentration B (mg/l)
0 .4 3 -2 .9 0  
2 .9 1 -3 .5 2  
3 .5 3 -4 .1 4  
4 .1 5 -4 .7 5  
4 .7 6 -5 .3 7
5. Rio Jachal -  San 
Jose de Jachal
8. Agua Negra
6. Rio Jachal -  
La Pampa
9. Rio Jachal -  Niquivil Q
Figure 3.3 Concentration of boron in river water in the San Jose de Jachal region (mg/l).
Table 3.2 reports the boron content in irrigation and drinking water samples from the 
region. The irrigation water analysed was found to contain boron levels which exceeds 
the tolerances for many agricultural crops (Table 1.7). The World Health Organisation 
(WHO) recommends a maximum concentration of 0.3 mg/l in drinking water (World 
Health Organisation, 2006a). The mean value for tap water in San Jose de Jachal was 
2.97 mg/l and at Niquivil, the average content was 4.85 mg/l; both of these locations 
surpass this guideline by an order of magnitude.
Table 3.2 Boron concentrations in tap and irrigation water from the San Jose de Jachal region
Code n Location Mean (mg/l) SD (mg/l)
Irrigation water
6 2 La Pampa 3.67 0.23
9 2 Niquivil 5.65 0.09
Tap water
5 3 San Jose de Jachal 2.97 0.13
9 2 Niquivil, 1 4.47 0.13
9 2 Niquivil, 2 5.22 0.69
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3.3.3 Arsenic
The results for the measurement of arsenic in the river water samples from the San 
Jose de Jachal region are depicted schematically in Figure 3.4.
1. Rio Blanco - Angualasto^^l^Ri
2. Rio Blanco -  Cuesta 
del Viento dam
7. Rio Huaco -  Dique 
de los Cauquenes ©
4. Rio Jachal -  
Pachimoco dam
N
A
3. Rio Colola
Key: Concentration As (pg/l)
5 1 -6 3  
6 4 -7 5  
7 6 -8 7  
8 8 -9 9  
100-111
5. Rio J a c h a l-S a n  
Jose de Jachal
8. Agua Negra O —
6. Rio Jachal — 
La Pampa
9. Rio Jachal -  Niquivil
Figure 3.4 Concentration of arsenic in river water in the San Jose de Jachal region (pg/l).
The results show a different trend to the concentration of boron in water. All four sites 
along the main river system (sites 1, 2, 4 and 9) have levels greater than 88 pg/l 
arsenic which are far greater than literature values, typically 2 pg/l in river water and 
0.5 pg/l in fresh water (Ward, 2000). However, high natural levels of arsenic have 
been reported at levels greater than 1000 pg/l in regions of Bangladesh, Thailand and 
Finland, rising to 48000 pg/l from geochemical sources in the USA (Mandal and Suzuki, 
2002). High concentrations of arsenic have been previously reported in Argentina; in 
Cordoba, levels ranged from 100-3810 pg/l and in La Pampa, from <4 to 5300 pg/l 
(Nicolli eta!., 1989; Smedley et a!., 2002).
The concentration of arsenic found in the samples of irrigation and drinking water are 
given in Table 3.3. There are no guidelines for irrigation water quality with respect to 
arsenic but long term use of waters containing high levels may cause accumulation in 
soils and crops (Heikens, 2006). Human exposure to arsenic is primarily from drinking 
water and dietary sources (World Health Organisation, 2001a). Therefore, the WHO 
water quality guidelines recommend a maximum of 10 pg/l As in drinking water 
whereas the Environmental Protection Agency (EPA) enforce a limit of 50 pg/l which is 
considered to be more achievable (Mandal and Suzuki, 2002; World Health
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Organisation, 2006a). In all 3 locations tested in this study, both of these limits were 
exceeded.
Table 3.3 Arsenic concentrations in tap and irrigation water from the San Jose de Jachal region 
(pg/l). SD=standard deviation.
Code n Location Mean (pg/l) SD (pg/l)
Irrigation water
6 2 La Pampa 88.2 12.2
9 2 Niquivil 91.9 1.6
Tap water
5 3 San Jose de Jachal 79.7 1.7
9 2 Niquivil, 1 57.2 4.0
9 2 Niquivil, 2 53.0 0.2
3.3.4 Calcium
The levels of calcium in the river water samples are summarised in Figure 3.5. The 
results show a stable trend from site 1 to 4, with an increasing trend observed towards 
the end of the study area at site 9. Interestingly, both the tributary at site 3 (Rio 
Colola) and the dam at site 7 have the highest levels, highlighting their different 
sources. The Rio Huaco which feeds into Dique de los Cauquenes has a tributary that 
joins the Rio Jachal near site 5. Combined with the input from this site, an increase in 
calcium concentration is observed at site 9.
1. Rio Blanco - Angualasto
4. Rio Jachal -  
2. Rio Blanco -  Cuesta Pachimoco dam  
del Viento dam
7. Rio Huaco -  Dique 
de los Cauquenes
3. Rio Colola
Key: Concentration Ca (mg/l)
101 -1 23  
124 -1 46  
147 -1 69  
170-191  
19 2 -2 14
5. Rio Ja c h a l-S a n  
Jose de Jachal
8. Agua Negra O —
6. Rio Jachal -  
La Pampa
9. Rio Jachal -  Niquivil Q
Figure 3.5 Concentration of calcium in river water in the San Jose de Jachal region (mg/l).
The calcium levels in irrigation water and drinking water are presented in Table 3.4. 
The values measured are just within normal acceptable ranges of 2-150 mg/l (Bowen, 
1979).
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Table 3.4 Calcium concentrations in tap and irrigation water from the San Jose de Jachal 
__________region (mg/l). SD=standard deviation._____________________________________
Code n Location Mean (mg/l) SD (mg/l)
Irrigation water
6 2 La Pampa 116.3 1.7
9 2 Niquivil 150.9 2.5
Tap water
5 3 San Jose de Jachal 116.5 1.3
9 2 Niquivil, 1 81.7 0.7
9 2 Niquivil, 2 82.5 0.2
3.3.5 Magnesium
The results for the magnesium content of river water are shown in Figure 3.6. A large 
difference in concentrations is observed between sites 1-4 and sites 7-9. As with the 
calcium trend, after Dique de los Cauquenes (site 7), the source of which has a 
tributary joining the Rio Jachal, an increase in concentration in the main river system 
was recorded. Typical fresh water values range from 0.4-6 mg/l (Bowen, 1979).
1. Rio Blanco - Angualasto
2. Rio Blanco -  Cuesta 
del Viento dam
7. Rio Huaco -  Dique 
de los Cauquenes
NA
4. Rio Jachal — 
Pachimoco dam
3. Rio Colola
Key: Concentration Mg (mg/l)
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2 7 -4 8  
4 9 -7 0  
71 -91  
9 2 -1 1 3
5. Rio Jachal -  San 
Jose de Jachal
8. Agua Negra
6. Rio Jachal -  
La Pampa
9. Rio Jachal -  Niquivil
Figure 3.6 Concentration of magnesium in river water in the San Jose de Jachal region (mg/l).
The magnesium levels found in irrigation and drinking waters from the region are 
reported in Table 3.5. The concentrations in both water types from La Pampa and San 
Jose de Jachal are considerably different to those found in the samples from Niquivil. 
Interestingly, this mirrors the levels found in the river waters. In the UK, magnesium 
has a maximum allowable limit of 50 mg/l in drinking water; the Niquivil samples 
exceeded this level (Fifield, 2000).
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Table 3.5 Magnesium concentrations in tap and irrigation water from the San Jose de Jachal 
_________ region (mg/l). SD=standard deviation.______________________________________
Code n Location Mean (mg/l) SD (mg/l)
Irrigation water
6 2 La Pampa 5.9 0.1
9 2 Niquivil 99.2 1.8
Tap water
5 3 San Jose de Jachal 6.3 <0.1
9 2 Niquivil, 1 82.5 0.7
9 2 Niquivil, 2 79.1 5.4
3.3.6 Sodium
The results for sodium in river water are depicted in Figure 3.7, which shows an 
inverse trend to that observed for calcium and magnesium. The highest concentrations 
were observed in the Rio Blanco/Jachal system before San Jose de Jachal (sites 1-4), 
but after this point, the levels decrease. The values found in these samples greatly 
exceeded average concentrations in fresh water, typically between 20-30 mg/l, 
although values up to 250 mg/l have been recorded (World Health Organisation, 
2003b).
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del Viento dam
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3. Rio Colola
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Figure 3.7 Concentration of sodium in river water in the San Jose de Jachal region (mg/l).
The levels of sodium in the irrigation and drinking water samples are presented in 
Table 3.6. Although high levels of salinity can impair normal crop growth, sodium 
tolerant species are known to have developed (Ferreyra et a!., 1997). The WHO 
currently has no guideline limit for sodium in drinking water as they are based on 
health effects and no firm evidence has conclusively shown a link between sodium and
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detrimental health problems such as hypertension (World Health Organisation, 2006a). 
However, concentrations above 200 mg/l are reported to impair the organoleptic 
properties of water.
Table 3.6 Sodium concentrations in tap and irrigation water from the San Jose de Jachal
region (mg/l). SD=standard deviation.
Code n Location Mean (mg/l) SD (mg/l)
Irrigation water
6 2 La Pampa 112.9 0.4
9 2 Niquivil 73.5 0.8
Tap water
5 3 San Jose de Jachal 106.2 1.7
9 2 Niquivil, 1 83.6 3.1
9 2 Niquivil, 2 78.9 7.4
3.3.7 Trace and Toxic Elements
Various trace and toxic elements (namely cadmium, copper, iron, lead, manganese, 
selenium and zinc) were analysed by inductively coupled plasma mass spectrometry 
(ICP-MS) for exploratory purposes. With the exception of copper, selenium and zinc, 
the levels in the samples were found to be below the instrumental detection limits 
(Table 2.14). Overall, there was very little change throughout the river system 
therefore the results were not presented as schematics. For those samples with 
measurable levels, the results are presented in Table 3.7.
Table 3.7 Concentrations of copper, zinc and selenium in water samples from San Jose de
Jachal (pg/l). SD=standard deviation.
Sample
code n
Copper 
Mean SD
Selenium 
Mean SD
Zinc 
Mean SD
River
1 3 6.0 0.6 10.6 7.3 16.5 6.6
2 3 5.3 0.3 11.2 3.8 19.5 11.2
3 3 8.2 0.1 <2.6 13.6 2.8
4 3 6.2 0.2 10.9 2.8 19.3 10.8
7 3 8.6 0.4 8.0 2.8 19.0 6.4
8 4 6.6 0.6 5.0 0.9 19.6 7.9
9 2 7.3 0.1 <2.6 31.8 8.8
Irrigation
6 2 6.0 0.8 <2.6 24.6 1.3
9 2 7.2 0.1 <2.6 35.8 3.8
Tap
5 3 5.4 0.2 <2.6 31.1 8.7
9 2 5.8 0.1 11.2 1.8 46.6 2.1
9 2 6.3 0.1 12.0 8.3 42.2 1.7
<=below the detection limit.
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The concentrations observed were found to be within normal reported ranges for 
copper (5 pg/l to 30 mg/l) and zinc (0.2-100 pg/l for surface/ground water, 10-50 pg/l 
for tap water) (Bowen, 1979; World Health Organisation, 2006a). Selenium levels are 
typically less than 10 pg/l and the WHO have set a guidance limit at 10 pg/l; the 
concentrations recorded in some of these samples are just above this threshold (World 
Health Organisation, 2006a).
3.3.8 Inter-Element Correlation
The relationship between the elements measured in this work was investigated 
through the use of Pearson's Product Moment Correlation Coefficients (r). This gives a 
value between -1 and +1, with the closeness to unity indicting a strong correlation 
(Miller and Miller, 2000). It is calculated using the equation described in Appendix A. 
The significance of the r values were subjected to t-tests at the 0.05 probability level. 
The links between boron, arsenic, calcium, magnesium and sodium were considered 
and the results are presented in Table 3.8.
Table 3.8 Inter-element Product Moment Correlation Coefficients (r) for the water samples. 
_________ Those highlighted in red are significant at the 0.05 probability level._____________
Boron Arsenic Calcium Magnesium Sodium
n 32 32 32 32 32
Boron 1.000
Arsenic 0.003 1.000
Calcium -0.186 -0.604 1.000
Magnesium 0.780 -0.446 0.309 1.000
Sodium -0.689 0.402 -0.138 -0.876 1.000
Significant positive correlations were found between boron/magnesium, 
arsenic/sodium, and calcium/magnesium, whereas negative relationships were seen 
between boron/sodium, arsenic/calcium, arsenic/magnesium, and magnesium/sodium. 
High concentrations of boron in association with arsenic and sodium have been 
previously reported in the San Joaquin Valley, USA (Corwin eta/., 2003). However, this 
was not observed within this region of Argentina. Table 3.8 shows that boron and 
sodium are negatively correlated so as the level of one element increases, the other 
decreases. This is in contrast to the information reviewed by Adamo and Crews-Meyer 
(2006) who described the rivers of the San Jose de Jachal region as having high levels 
of boron and sodium (Adamo and Crews-Meyer, 2006). However, boron was found to 
be positively correlated with magnesium perhaps indicating a link to the source of 
boron in the river system.
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3.4 Soil and Sediment
This section reports the levels of boron and arsenic in the river sediments and some 
soils from the San Jose de Jachal region. Selenium was also measured but was found 
to be below the instrumental detection limit (ICP-MS, approximately 0.26 mg/kg in the 
soil/sediment). All concentrations are given on a dry weight basis. The exact values for 
the samples are recorded in Appendix B.
3.4.1 Boron
The boron levels in river sediments are shown in Figure 3.8. The samples with the 
highest levels were associated with sites 7 to 9, namely, Dique de los Cauquenes, Agua 
Negra and Rio Jachal at Niquivil. The sediment from the Rio Colola (site 3) contained 
levels comparable to other samples but had the lowest boron levels measured in the 
water samples (Section 3.3.2). This could be due to the sampling location as there was 
limited material at the site of water sampling, which resulted in a sample being taken 
further downstream, towards site 2 at Cuesta del Viento. This site had salt deposits on 
the bank and it may have been influenced by backflow from the lake. Table 1.4 reports 
typical levels of boron in sediments as ranging between 2-20 mg/kg and in all cases in 
the San Jose de Jachal region, this was exceeded.
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del Viento dam
4. Rio Jachal -  
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Figure 3.8 Concentration of boron in sediments in the San Jose de Jachal region (mg/kg).
The trend for boron in sediments appears to follow the same pattern as for the water 
samples and so the Pearson's Product Moment Correlation Coefficient between the two
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was calculated for the main river system (Rio Blanco and Rio Jachal). The value of r 
was found to be 0.777 which was significant at the 95% confidence interval (t^—4.45 
n=15, tcrit=2.16). This shows that the level of boron in the water is related to the 
sediments levels, indicating that sediment could be acting as an environmental store.
A limited number of soil samples were collected from site 3 (Rio Colola), site 6 (La 
Pampa) and site 9 (Niquivil). The concentration of boron found in these samples was 
419.6 mg/kg, 154.0 mg/kg and 1558.3 mg/kg respectively. The levels from sites 6 and 
9 form some grounds for concern as these sites were used for agricultural food 
production (both commercial and domestic). Normal soil boron concentrations typically 
range from 2 to 100 mg/kg (Table 1.4). These levels are considerably higher than 
would be considered tolerable for normal plant development (Gupta et al., 1985). 
However, agriculture, even on the domestic level, is possible in this region and so 
demonstrates the plant's ability to acclimatise to this environment. This effect was 
studied by Banuelos and co-workers who compared the germination responses of 
alfalfa, carrots, corn and tomatoes from two different seed sources, highlighting the 
differing tolerances to boron within a plant species; refer to Section 1.4.1 for further 
information (Gupta etal., 1985; Nable eta/., 1997; Banuelos etal., 1999).
3.4.2 Arsenic
The arsenic levels in the river sediments are presented in Figure 3.9. The highest levels 
were associated with sediment samples from the Rio Blanco, Dique de los Cauquenes 
and Rio Jachal at Niquivil. Arsenic is usually found in sediments at concentrations of 
less than 10 mg/kg but levels are known to be highly variable taking into account the 
geology of the region (Mandal and Suzuki, 2002). For example, 196 mg/kg was 
reported in sediments from West Bengal, India, where naturally high quantities of 
arsenic are related to the geochemical composition of the area (Mandal and Suzuki, 
2002). The concentrations found in this region were within worldwide reported ranges.
The relationship between sediment levels and water was also investigated. The 
Pearson's Product Moment Correlation Coefficient was determined to be 0.372, which 
is not significant at the 95% confidence interval (tcaic=1.44, n=15, tcrit=2.16), i.e. there 
is no statistical relationship between the two.
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Figure 3.9 Concentration of arsenic in river sediments in the San Jose de Jachal region 
(mg/kg).
The three soil samples had similar arsenic levels to the overall range of sediment 
samples (20.0-26.3 mg/kg), with the exception of site 6 (La Pampa) which had a value 
of 71.1 mg/kg. Typical concentrations of arsenic in soil range between 0.1-50 mg/kg, 
but values up to 90 mg/kg have been reported (Kabata-Pendias and Pendias, 1984; 
Nriagu, 1994; Mandal and Suzuki, 2002).
3.5 Plant Material
The plant material was analysed for boron, arsenic and selenium. However, the levels 
of arsenic and selenium in the digested solutions were below the detection limit for this 
method (approximately 0.20 and 0.26 mg/kg in the material respectively). Therefore, 
only results for boron are presented in Figure 3.10. The values are reported on a dry 
weight basis, with the exact concentrations reported in Appendix B.
The observed pattern is very different from that found for the water and sediment 
samples (Figures 3.3 and 3.8). Although the Rio Blanco, Cuesta del Viento dam and 
Agua Negra sites contain quite high boron levels (149.5 and 130.1 mg/kg respectively), 
they are around the upper limits quoted in the literature (1-140 mg/kg, Table 1.8). An 
explanation for this differing trend is the seasonal variation in plant growth and that it 
was difficult to standardise the species collected at the sites due to limited availability. 
Also, plants are known to have different tolerances for boron and abilities to 
accumulate it (Gupta et a!., 1985; Hunt et a!., 1991). Therefore, it was decided that
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plants are not suitable natural monitors for elemental levels in this environment and 
were not included in the subsequent study in 2006, except for the collaboration with 
the Instituto Nacional de Tecnologi'a Agropecuaria (INTA) where the species was 
tightly controlled (Chapter 5).
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Figure 3.10 Concentration of boron in river-side plants in the San Jose de Jachal region 
(mg/kg).
3.6 W ine and Olive Oil
The region surrounding San Juan and San Jose de Jachal has the ideal climate for 
cultivation of grapes and olives for wine and olive oil production. However, due to the 
raised levels of boron present in the environment, as reported above, there is a need 
to understand the mobility of boron in these plant species and to determine if 
significantly elevated concentrations are present in the final product. There is little 
literature data regarding the boron content of wine and to date, there appears to be no 
reported information with respect to boron in edible oils. Therefore, a preliminary 
screening was undertaken using a sample of chardonnay wine from the San Juan 
region and four samples of olive oil from San Jose de Jachal.
3.6.1 Wine
The white wine sample provided was measured against a sample of chardonnay from 
South Africa. As described in Section 2.3.4.1, the wine was filtered and diluted prior to 
analysis by ICP-MS. The boron content of the wine sample was 15.3 mg/l compared 
with 5.0 mg/l for the South African wine. Table 5.2 reports boron levels determined in
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wine which range from 1.4 to 10 mg/l showing that the concentration in the San Juan 
wine sample is above previously reported values for boron. Therefore, further studies 
were undertaken to investigate these levels and to build more information regarding 
the boron content of wine; the results of which are presented in Chapter 5.
3.6.2 Olive oil
Four samples of olive oil from the region were provided and were compared with 
commercial samples obtained from UK supermarkets (n=2). However, the preparation 
of the olive oil samples for analysis by ICP-MS proved to be problematic. The oil 
samples were digested using a microwave, as described in Section 2.3.2.2. However, 
this was unsuccessful due to re-suspension of oil droplets in the final solution one day 
after digestion, which was unacceptable for ICP-MS analysis. As an alternative, the 
undigested oil samples were analysed by inductively coupled plasma optical emission 
spectrometry (ICP-OES) by the BP-Castrol Technology Centre after a dilution in white 
spirit (Section 2.3.4.2). The measurements made showed no detectable levels of boron 
in any of the oil samples, i.e. the oils contained <1 mg/l. With this result, combined 
with the unavailability of the microwave for repeated digestion attempts for analysis by 
ICP-MS (with its superior detection limits), it was therefore decided not to pursue the 
measurement of boron in edible oils for the main study.
3.7 Human Tissues
In order to understand the levels of trace elements in the human body, samples of 
tissue must be taken. Blood offers a view of the current metabolic status of the 
individual, whereas hair can provide historical information. The advantages of using 
hair as a biomonitor include ease of sample collection, stability and time variability. The 
feasibility of using teeth as a means of assessing boron exposure was also investigated 
due to its strong links with calcium and magnesium metabolism and bone development 
(Sections 1.3.2, 1.4.2 and 1.7.2). The concentrations are given on a dry weight basis.
3.7.1 Hair
Two scalp hair samples were offered from children resident in Niquivil (site 9) and 
were used as a pilot investigation for future studies in the San Jose de Jachal region. 
The two hair samples contained boron at 3.30 pg/g (female 10 years) and 1.26 pg/g 
(female 15 years). In previous studies conducted within the ICP-MS Facility at the
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University of Surrey, the concentration of boron in hair samples obtained from Rio 
Negro individuals (mean 0.43, range 0.28 to 0.57 pg/g) and UK cases (mean 0.23, 
range 0.18 to 0.34 pg/g) shows that the levels in both of these two samples are higher 
but within previously reported ranges (Table 1.10) (Hammond, 2003). Although the 
sample size was limited, the results showed the need for further data from within this 
region. This was undertaken throughout 2006 in the San Juan region and was 
compared to an Argentinean control region, namely General Roca, Rio Negro, 
Patagonia. These results are presented and discussed in Chapter 6.
3.7.2 Teeth
Eight tooth samples were provided by the San Jose de Jachal Hospital for boron 
analysis. No details about the sex or age of the sampled persons were provided. The 
tooth samples contained 10.3 to 14.9 pg/g. Only a limited amount of literature data 
exists on the boron content of tooth samples, with one study reporting a mean of 5 
pg/g (range 0.5 to 70) and another study investigating boron and rheumatoid arthritis 
found arthritic patients had boron levels of 3.89 ± 1.80 pg/g in teeth compared with 
controls of 4.12 ± 1.13 pg/g (Ward, 1987; Havercroft, 1989). The findings are 
potentially very interesting as boron is known to influence macromineral metabolism 
and excess levels have been shown to accumulate in bone (Moseman, 1994; Nielsen, 
1997). However, differences between tooth types (i.e. incisors, molars, etc) have been 
shown to influence elemental levels and variability associated with the condition of the 
tooth (i.e. dental caries, fillings) also complicates sample collection (Malara et at., 
2006). As with the hair samples, the limited data set does not allow definitive 
conclusions to be drawn but has highlighted the need for further investigation. 
Unfortunately it was not possible to continue this avenue of investigation due to the 
inherent difficulty in acquiring and standardising samples from both San Juan and Rio 
Negro populations.
3.8 Sum m ary
The results presented from this preliminary investigation have shown higher than 
expected boron concentrations in all media, except plant material. Table 3.9 
summarises the boron, arsenic, sodium, calcium and magnesium data for the water 
samples and is compared with levels measured in other Argentinean rivers from 
previous studies at the ICP-MS Facility, University of Surrey.
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Table 3.9 Comparison of water data from the San Jose de Jachal region, San Juan and Rio
Negro; mg/l except As in pg/l.■'S'''I
SJJ region 
Rivers (21)
Rio San 
Juan* (5)
Rio Negro* 
(16)
SJJ region 
Irrigation 
(4)
San Juan 
Irrigation* 
(5)
SJJ region 
Tap (7)
B 3.63 1.97 0.14 4.66 0.74 4.04
(0.31-5.72) (0.05-0.80) (3.50-5.71) (2.83-5.70)
As 82.6 9.2 0.8 90.0 3.8 65.6
(48.2-112.8) (0.3-9.2) (79.5-96.8) (52.8-81.3)
Na 96.3 214 38 93.2 163 91.9
(84.0-109.6) (14-116) (73.0-113.2) (73.7-107.6)
Ca 150.0 121 86 133.6 89 96.7
(67.2-219.7) (12-142) (115.1-152.6) (81.1-117.9)
Mg 46.3 - - 52.6 - 48.9
(3.1-113.9) (5.84-100.5) (6.3-83.0)
(n) =number of samples; ( )=range; *=previous studies in the ICP-MS Facility; SSJ=San Jose 
de Jachal.
Both boron and arsenic concentrations in drinking water exceeded World Health 
Organisation guidelines (Sections 3.3.2 and 3.3.3). It was also shown there is a 
significant positive relationship between boron and magnesium, whereas negative 
correlations were seen between boron/sodium, arsenic/calcium, arsenic/magnesium, 
and magnesium/sodium (Table 3.8). The elemental levels of selected trace and toxic 
metals were also investigated in the water samples (Table 3.7). Values obtained were 
generally within normal ranges reported by the World Health Organisation.
The boron and arsenic content of sediments followed the same general trends as the 
water samples, indicating environmental stores of these elements in river sediments. 
The boron levels exceeded literature values by up to four fold (Section 3.4.1). The 
arsenic content was above world averages but within typically reported ranges (Section 
3.4.2).
Section 3.5 highlighted the problems of plant analysis. No matching trend was found 
with respect to boron in water or sediments which could be attributed to sampling 
problems. It was therefore decided not to use plants as biomonitors for the main study 
in 2006.
The boron content of the San Juan wine was three times higher than a South African 
wine and was higher than literature data (Section 3.6.1). These results, in collaboration 
with INTA San Juan, facilitated an in-depth growth experiment; the methodology and 
results of which are described in Chapter 5. The analysis of olive oil proved to be more 
difficult than expected. Microwave digestion of this material was unsuccessful and so a
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different approach was taken by using ICP-OES. No detectable boron was found in any 
of the samples (Section 3.6.2). As a result, the analysis of edible oils was not continued 
in the following studies.
The results of the human tissue samples showed raised levels but the limited number 
of samples and lack of accompanying information makes it hard to draw definitive 
conclusions (Section 3.7). It however highlighted the need for further investigation due 
to the lack of literature data available which was subsequently undertaken using hair 
as a biomonitor (Chapter 6).
This preliminary study acted as a test to determine important sampling areas and to 
build a database of information regarding the elemental levels present in the San Jose 
de Jachal environment due to the lack of published literature data. Key locations and 
sampling methodology were established and taken forward to the main study 
conducted in 2006. Several factors were not investigated in the main study due to 
sampling difficulties and analytical restrictions, highlighting the importance of this initial 
work.
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4.1 Introduction
The results obtained in Chapter 3 provided information about the levels of boron and 
various other elements in the environment of San Jose de Jachal, San Juan, which 
highlighted key areas for further investigation. As a result of this, a larger study was 
undertaken in 2006 in the region. For comparative purposes, a control region in 
Argentina, namely General Roca, Rio Negro, with no known boron toxicity problem was 
also sampled in order to examine any differences between low and high boron levels.
The two regions of Argentina investigated were introduced in Section 2.2. The San 
Jose de Jachal area was previously described in detail in Section 3.2 whereas General 
Roca, Rio Negro is subsequently detailed (Section 4.3). The samples were collected 
and prepared as outlined in Sections 2.2 and 2.3. Analysis was then undertaken using 
the techniques illustrated in Section 2.4, namely flame atomic absorption spectrometry, 
atomic emission spectrometry, inductively coupled plasma mass spectrometry and 
molecular spectroscopy. In addition to boron, the concentration of arsenic, cadmium, 
calcium, copper, lead, magnesium, potassium, selenium, sodium and zinc, in various 
media, namely water, sediment and soil, were measured. This chapter reports the 
levels found, any relationships found between the media and any inter-element 
correlations for the samples collected in this study in the two regions. Additionally, a 
statistical comparison was made between San Jose de Jachal and General Roca.
4.2 San Jose de Jachal, San Juan
The region surrounding San Jose de Jachal was described in Section 3.2 for the 
preliminary study. This part describes the results obtained for the second, more in­
depth investigation of this region. However, only water, sediment and soils were 
collected due to the sampling problems encountered previously with plant material 
(Section 3.5).
4.2.1 Sampling Locations
The locations for the samples collected from the region of San Jose de Jachal in this 
component of the study are shown in Figure 4.1, with further detailed information 
given in Table 4.1.
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sampling locations in ban Jose de Jachal for the 2006 study, shown using Gooqle 
Earth Version 4.3.
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Table 4.1 Description of sampling sites and types for the main study in San Jose de Jachal, 
__________San Juan, 2006._________________________________________________________
Code Location and description Sample types
1 Rio Blanco, Maliman, 25 km north of Rodeo water, sediment
2 Rio Blanco, 20 km north of Rodeo water, sediment
3 Rio Blanco at Angualasto, 16 km north of Rodeo water, sediment
4 Rio Blanco, 9 km south of Angualasto water, soil
5 Rio Blanco, entrance into the Cuesta del Viento dam water, sediment
6 Rio Colola, separate river which flows into the Cuesta 
del Viento dam
water, sediment
7 Cuesta del Viento dam, middle of the dam water, sediment
8 Rio Jachal, 400m from the outflow of the dam water, sediment
9 Rio Jachal, 7 km east from the dam water, sediment
10 Rio Jachal, Pachimoco dam water, sediment
11 San Jose de Jachal, INTA house tap water
12 La Pampa agricultural region, irrigation channel irrigation water, soil
13 Rio Jachal, at San Roque water, sediment, soil
14 Agua Negra, outflow into Rio Jachal water (river, irrigation, tap), 
sediment
15 Rio Jachal, at Niquivil water (river, irrigation, tap), 
sediment, soil
16 Rio Huaco, at Huerta de Huachi, 20 km north of San 
Jose de Jachal
water, sediment
17 Rio Huaco, at Dique de los Cauquenes water, sediment
18 Rio Huaco, 8 km east of site 17 water, sediment
19 Rio Huaco, 3 km north west of Huaco water (river, irrigation), 
sediment
20 Rio Huaco, at Huaco water (river, irrigation, tap), 
sediment, soil
4.2.2 Water
4.2.2.1 pH
The pH values in the water samples ranged from 7.1 to 7.8, which are similar to the 
levels found previously, pH 7.5-8.1 (Section 3.3.1). This indicates that boron in 
predominantly present as boric acid (Figure 1.1) (Darbouret and Kano, 2000).
4.2.2.2 Boron
As with Chapter 3, the levels present in river water are presented schematically in 
Figure 4.2 to show the flow of the river system and to contextualise the elemental 
trend. The full results for each location are given in Appendix B.
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19. Rio Huaco
20. Rio Huaco -  
Huaco
Figure 4.2 Concentration of boron in river water in the San Jose de Jachal region (mg/l).
The diagram clearly shows the levels of boron increasing through the main river 
system (Rio Blanco -> Rio Jachal), ranging from 2.99 mg/l at site 1, Maliman, to 7.08 
mg/l at site 15, Niquivil. These levels are higher than typical values for fresh water 
which have been reported to vary between 0.01-1 mg/l (Table 1.2). However, Moss 
and Nagpal reported natural levels in the Rio Arenales, Argentina as high as 26 mg/l 
but further research in the literature showed that this is subject to large temporal 
variation and anthropogenic influences from discharges into a tributary (Rio Ancho) 
from a boric acid processing factory (Bundschuh etal., 1993; Moss and Nagpal, 2003). 
Typical concentrations for the Rio Arenales without the influence of the factory were 
0.3 mg/l (Bundschuh etal., 1993).
Site 6, the Rio Colola, is another river which flows into the Cuesta del Viento dam and 
the difference in its boron level reflects this. The following elemental trend diagrams 
also show this (with the exception of sodium, Section 4.2.2.7).
Irrigation water was also sampled from some locations, as detailed in Table 4.1, and 
the boron content determined. The results are summarised in Table 4.2. At site 15, 
there were numerous irrigation channels so multiple samples were taken which are 
shown separately in Table 4.2.
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Table 4.2 Boron concentrations in irrigation water from the San Jose de Jachal region (mg/l).
SD=standard deviation.
Code Location Mean (mg/l) SD (mg/l)
12 La Pampa, agricultural region 4.07 0.27
14 Agua Negra 6.26 0.05
15 Niquivil, channel 1 6.06 0.13
15 Niquivil, channel 2 6.26 0.23
15 Niquivil, channel 3 6.07 0.13
16 Huerta de Huachi 4.89 0.01
19 3 km west of Huaco 3.45 0.01
20 Huaco 4.30 0.55
The concentrations determined in the irrigation waters are at a level which could cause 
toxicity symptoms and damage to plants, as described in Section 1.5.1. Many 
agricultural crops, such as wheat, barley, onions, potatoes, carrots, apples, grapes and 
olives, are considered sensitive to boron levels (Table 1.7). However, the majority of 
food crops do not exhibit visible toxic damage.
Tap water samples were also collected at some of the sampling sites which are 
described in Table 4.1 and the results for boron are given in Table 4.3. The levels 
found in this study were above the World Health Organisation (WHO) maximum 
guideline limit of 0.3 mg/l (World Health Organisation, 2006a). Typical drinking water 
levels are 0.01-2 mg/l although values up to 15 mg/l have been reported in Chile 
(Coughlin, 1998; World Health Organisation, 2003a). The boron content in the Huaco 
tap water is quite different to those from San Jose de Jachal and Niquivil, indicating 
the domestic supply is from a different source.
Table 4.3 Boron concentrations in tap water from the San Jose de Jachal region (mg/l).
__________ SD=standard deviation._________________________________________________
Code Location Mean (mg/l) SD (mg/l)
11 San Jose de Jachal 3.02 0.32
15 Niquivil 4.73 0.02
15 Niquivil 4.87 0.35
15 Niquivil 5.33 0.06
20 Huaco 0.90 0.01
The concentrations of boron measured in all three of the water types collected during 
this period agree well with those from the preliminary work, collected in 2005, Section 
3.3.2.
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4.2.2.3 Arsenic
Figure 4.3 depicts the concentration of total arsenic in the river water samples from 
San Jose de Jachal. The descriptive statistics for the data obtained are provided in 
Appendix B.
1. Rio Blanco - Maliman 
2. Rio Blanco 
3. Rio Blanco - Angualasto
16. Rio Huaco -  
Huerta de Huachi
18. Rio Huaco
17. Rio Huaco — 
Dique de los 
Cauquenes
19. Rio Huaco
20. Rio Huaco - 
Huaco
12. Rio Jachal -  La Pampa
13. Rio Jachal -  San Roque
15. Rio Jachal - Niquivil
Figure 4.3 Concentration of arsenic in river water in the San Jose de Jachal region (pg/l).
As with boron, it is possible to see the distribution trend for arsenic through the river 
systems. The arsenic levels vary slightly travelling through the Rio Blanco system, 
ranging from 63.5 to 90.7 pg/l. In contrast to the previous study, the Rio Colola has 
the highest arsenic concentration measured in this sampling period of 104.7 pg/l, 
whereas a level of 51.5 pg/l was determined in 2005. The Rio Jachal also had lower 
arsenic levels compared to those obtained previously, ranging from 31.5-102.3 pg/l in 
this collection period with 59.5-110.5 pg/l arsenic found in the 2005 study. The Rio 
Huaco system shows a different trend; as it splits at Huerta de Huachi (site 16) into 
the Rio Jachal (between sites 10 and 11) and the Rio Huaco (site 17). Dique de los 
Cauquenes is a large dam within the Rio Huaco river system (Site 17) and the effect of 
dilution is clearly seen with the arsenic levels from site 17 onwards. The dam is fed by 
three other tributary river sources which must have different sources to Huerta de 
Huachi.
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In general, the concentrations measured are higher than levels typically found in river 
and fresh water, 2 and 0.5 pg/l respectively (Ward, 2000; Mandal and Suzuki, 2002), 
however, the levels are within ranges reported by other workers in Argentina, from <4 
to 5300 pg/l (Nicolli eta/., 1989; Smedley etal., 2002).
The levels of arsenic found in irrigation water are presented in Table 4.4. Previous 
levels measured in 2005 were 88.1 pg/l for La Pampa and 91.9 pg/l for Niquivil (Table 
3.3). These results show a change in water source in Niquivil as there is over a 60% 
reduction in the arsenic content.
Table 4.4 Arsenic concentrations in irrigation water from the San Jose de Jachal region (pg/l). 
SD=standard deviation.
Code Location Mean (pg/l) SD (pg/l)
12 La Pampa, agricultural region 93.8 1.2
14 Agua Negra 35.0 0.2
15 Niquivil, channel 1 35.5 0.4
15 Niquivil, channel 2 34.8 0.1
15 Niquivil, channel 3 34.5 0.5
16 Huerta de Huachi 98.8 0.9
19 3 km west of Huaco 29.5 2.3
20 Huaco 29.1 0.4
The concentration of arsenic in the drinking water samples are given in Table 4.5. The 
WHO recommend a maximum arsenic level of 10 pg/l in drinking water and the 
Environmental Protection Agency (EPA) stipulate a maximum allowable limit of 50 pg/l 
(Mandal and Suzuki, 2002; World Health Organisation, 2006a). Only one location was 
found to be above both of these limits, San Jose de Jachal (site 11). In the previous 
study, a level of 79.7 pg/l arsenic was recorded at this site (Table 3.3). This is of 
significant concern as there is overwhelming evidence linking exposure to arsenic 
through drinking water and the incidence of cancer of the skin, bladder and lungs 
(World Health Organisation, 2001a; World Health Organisation, 2006a).
Table 4.5 Arsenic concentrations in tap water from the San Jose de Jachal region (pg/l).
SD=standard deviation.
Code Location Mean (pg/l) SD (pg/l)
11 San Jose de Jachal 64.4 0.8
15 Niquivil 2.9 0.4
15 Niquivil 3.2 0.1
15 Niquivil 3.1 0.3
20 Huaco 7.2 0.8
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4.2.2.4 Calcium
The levels of calcium in river water from the San Jose de Jachal region are shown 
schematically in Figure 4.4. The full results for the data set are reported in Appendix B.
The diagram shows all but one of samples has a calcium concentration of between 56 
and 142 mg/l. Site 6 is the Rio Colola which feeds into the Cuesta del Viento dam and 
again highlights the different source of this tributary. In the previous study, the same 
trend was observed, where the Rio Colola also had the highest calcium value at 213.7 
mg/l. However, there is no observed increase in the concentration of the following 
sites, showing the dilution effects of the dam and the higher water flow of the Rio 
Blanco/Jachal system. The concentrations observed in river water are slightly above 
the literature range of 2-150 mg/l and compare well to those obtained in the 
preliminary study (Section 3.3.4).
Figure 4.4 Concentration of calcium in river water in the San Jose de Jachal region (mg/l).
The levels of calcium found in irrigation and drinking water are presented in Tables 4.6 
and 4.7 respectively. There are no regulatory maximum guidelines for calcium in 
water, however it contributes to the hardness of water which can produce undesirable 
'scale' in pipes and may be unpalatable above 300 mg/l (Bowen, 1979; World Health 
Organisation, 2006a).
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Table 4.6 Calcium concentrations in irrigation water from the San Jose de Jachal region (mg/l). 
SD=standard deviation.
Code Location Mean (mg/l) SD (mg/l)
12 La Pampa, agricultural region 78.5 2.5
14 Agua Negra 94.3 3.0
15 Niquivil, channel 1 91.5 3.7
15 Niquivil, channel 2 97.9 2.3
15 Niquivil, channel 3 94.9 1.4
16 Huerta de Huachi 97.6 2.9
19 3 km west of Huaco 116.0 5.2
20 Huaco 106.5 1.6
Table 4.7 Calcium concentrations in tap water from the San Jose de Jachal region (mg/l), 
SD=standard deviation.
Code Location Mean (mg/l) SD (mg/l)
11 San Jose de Jachal 82.4 2.2
15 Niquivil 52.8 0.7
15 Niquivil 58.5 0.4
15 Niquivil 68.5 3.4
20 Huaco 6.7 0.2
4.2.2.5 Magnesium
The magnesium content of the river waters is presented in Figure 4.5. The descriptive 
statistics are given in Appendix B. The schematic shows that the majority of the 
samples in the Rio Blanco/Jachal system are between 8.0 and 17.4 mg/l whereas the 
Rio Huaco system ranges from 36.3-40.9 mg/l, the exception being site 16 in the Rio 
Huaco system which has a much lower concentration. This is the inverse to the trend 
observed for arsenic between sites 16-20, which also clearly shows the influence of the 
other rivers feeding into site 17. The levels of magnesium in sites 1-10 compare 
favourably to the previous study (Section 3.3.5), but sites 14,15 and 17 are lower than 
those observed in 2005 (92-113 mg/l).
The concentration of magnesium in the irrigation and drinking water samples are 
reported in Tables 4.8 and 4.9 respectively. The levels in both water types reflect the 
same patterns as river water, with the Huaco samples showing the highest values. 
Typical ranges for magnesium in water range from 0.4-6 mg/l and, like calcium, it is a 
contributor to water hardness (Bowen, 1979). The concentrations found here exceed 
these values but are below the UK maximum allowable limit of 50 mg/l (Fifield, 2000).
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1. Rio Blanco - Maliman
19. Rio Huaco
6. Rio Colola
8. Cuesta del 
Viento exit
20. Rio Huaco - 
Huaco
Key: Concentration Mg (m g/l)
8.0-12.7 
12.8-17.4 
17.5-22.1 
I 22.2-26.8 
I 26.9-31.5 
I 31.6-36.2 
I 36.3-40.9
11. San lo s e  
de Jachal
O -
14. Agua Negra
112. Rio Jachal — La Pampa
113. Rio Jachal -  San Roque
O  15. Rio Jachal - Niquivil
Figure 4.5 Concentration of magnesium in river water in the San Jose de Jachal region (mg/l).
Table 4.8 Magnesium concentrations in irrigation water from the San Jose de Jachal region 
__________(mg/l). SD=standard deviation.____________________________________________
Code Location Mean (mg/l) SD (mg/l)
12 La Pampa, agricultural region 13.2 0.4
14 Agua Negra 28.8 1.4
15 Niquivil, channel 1 29.1 0.4
15 Niquivil, channel 2 29.1 0.1
15 Niquivil, channel 3 28.5 1.0
16 Huerta de Huachi 14.8 0.3
19 3 km west of Huaco 41.0 1.7
20 Huaco 41.0 0.4
Table 4.9 Magnesium concentrations in tap water from the San Jose de Jachal region (mg/l). 
SD=standard deviation.
Code Location Mean (mg/l) SD (mg/l)
11 San Jose de Jachal 11.4 0.5
15 Niquivil 26.7 0.9
15 Niquivil 23.9 4.1
15 Niquivil 25.9 0.3
20 Huaco 46.3 0.6
4.2.2.6 Potassium
The concentrations of potassium in the river systems of the San Jose de Jachal region 
are shown in Figure 4.6. The descriptive statistics are reported in Appendix B. The
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results show a more varied pattern with respect to the distribution of potassium. In the 
Rio Blanco system, initially the concentration decreased but at the entrance to the dam 
at Cuesta del Viento, a rise is seen followed by another decrease. However, through 
the Rio Jachal, the levels increased to a maximum of 19.9 mg/l at site 15. The Rio 
Huaco system on the other hand, showed a decreasing trend.
Figure 4.6 Concentration of potassium in river water in the San Jose de Jachal region (mg/l).
The potassium levels in irrigation water and drinking water are presented in Tables 
4.10 and 4.11 respectively. The highest level of potassium in irrigation water was 
observed at Huerta de Huachi (site 16) whereas in river water, the maximum values 
were found at La Pampa and Niquivil (sites 12 and 15). Typical values for potassium in 
fresh water range from 0.5 to 10 mg/l. The majority of the river samples and all of the 
irrigation water samples exceeded this literature range, whereas the drinking water 
samples were, in general, below the UK maximum guideline of 12 mg/l (Fifield, 2000). 
Potassium was not measured in the preliminary work so no temporal comparison can 
be made.
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Table 4.10 Potassium concentrations in irrigation water from the San Jose de Jachal region 
(mg/l). SD^standard deviation.
Code Location !Mean (mg/l) SD (mg/l)
12 La Pampa, agricultural region 14.9 0.4
14 Agua Negra 16.7 0.2
15 Niquivil, channel 1 16.8 0.6
15 Niquivil, channel 2 16.2 0.2
15 Niquivil, channel 3 14.4 0.1
16 Huerta de Huachi 23.2 0.1
19 3 km west of Huaco 11.8 0.5
20 Huaco 13.5 0.3
Table 4.11 Potassium concentrations in tap water from the San Jose de Jachal region (mg/l).
SD=standard deviation.
Code Location Mean (mg/l) SD (mg/l)
11 San Jose de Jachal 12.4 1.1
15 Niquivil 10.4 1.2
15 Niquivil 8.8 0.4
15 Niquivil 8.0 0.3
20 Huaco 5.3 0.2
4.2.2.7 Sodium
Figure 4.7 presents the results obtained for the analysis of sodium in the river systems 
surrounding San Jose de Jachal, San Juan. Refer to Appendix B for the full data set. 
The trend follows a similar path to the boron results, starting from low concentrations 
at sites 1 and 16 and increasing to maximums at sites 15 and 20 respectively. The 
values recorded are twice as high as those observed in the 2005 study, indicating that 
sodium is sensitive to temporal variability. However, in both 2005 and 2006, these 
levels are vastly above typical fresh water values of 7-30 mg/l (Bowen, 1979; World 
Health Organisation, 2003b).
The concentrations of sodium in irrigation and drinking waters are given in Tables 4.12 
and 4.13 respectively. In the UK, a guidance limit of 150mg/l is imposed for drinking 
water, however, no WHO guideline exists due to the lack of evidence linking high 
sodium concentrations in water to any health effects (Fifield, 2000; World Health 
Organisation, 2003b). In all cases, the UK guidance value was exceeded and sodium is 
present at levels which may affect the palatability of the water.
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1. Rio Blanco - Maliman 
2. Rio Blanco
16. Rio Huaco -  
Huerta de Huachi
N
1 8 . Rio Huaco
6. Rio Colola
17. Rio Huaco -  
Dique de los 
Cauquenes
19. Rio Huaco
20. Rio Huaco -  
Huaco
Viento exit
Key: Concentration Na (m g/l)
125-151 
152-176 
177-201 
202-226 
227-251 
252-277 
277-302
12. Rio Jachal — La Pampa
13. Rio Jachal -  San Roque
15. Rio Jachal - Niquivil
Figure 4.7 Concentration of sodium in river water in the San Jose de Jachal region (mg/l).
Table 4.12 Sodium concentrations in irrigation water from the San Jose de Jachal region
(mg/l). SD=standard deviation.
Code Location Mean (mg/l) SD (mg/l)
12 La Pampa, agricultural region 160.9 8.8
14 Agua Negra 284.0 2.6
15 Niquivil, channel 1 324.4 18.6
15 Niquivil, channel 2 301.3 13.3
15 Niquivil, channel 3 231.3 3.8
16 Huerta de Huachi 174.1 4.8
19 3 km west of Huaco 219.2 0.1
20 Huaco 256.2 4.6
Table 4.13 Sodium concentrations in tap water from the San Jose de Jachal region (mg/l).
SD=standard deviation.
Code Location Mean (mg/l) SD (mg/l)
11 San Jose de Jachal 169.7 3.7
15 Niquivil 297.5 9.3
15 Niquivil 319.9 17.8
15 Niquivil 244.5 41.9
20 Huaco 261.6 1.0
4.2.2.8 Trace and toxic elements
It was established in Section 3.3.7 that the levels of several trace and toxic elements in 
the water samples from the San Juan region, namely cadmium, iron, lead and
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manganese, were below the detection limits of the instrumentation used, inductively 
coupled plasma mass spectrometry (ICP-MS), Table 2.14. Therefore only copper, 
selenium and zinc were analysed in these samples; the results of which are presented 
in Table 4.14. However, the values obtained were either below or close to the 
detection limit for these elements which increases the uncertainty of the true level. For 
this reason, these results were not plotted in the same way as the previous elements 
and the concentrations should be viewed with caution. Yet, the data obtained are 
comparable to the levels observed in the previous study (Section 3.3.7) and are 
generally within expected ranges for fresh water copper (5 pg/l to 30 mg/l), selenium 
(<10 pg/l) and zinc (0.2-100 pg/l for surface/ground water, 10-50 pg/l for tap water) 
(Bowen, 1979; World Health Organisation, 2006a).
Tables 4.15 and 4.16 present the levels of copper, selenium and zinc in irrigation and 
drinking waters respectively. In all cases, the concentrations are similar to those 
measured in the 2005 period and within normal ranges for these media (Bowen, 1979; 
World Health Organisation, 2006a).
Table 4.14 Concentrations of copper, selenium and zinc in river water the San Jose de Jachal 
___________region; mean ± standard deviation (pg/l).__________________________________
Code
■ IVI i f i • l\<UI ■—* kIWMI IVIUI V4
Location Copper (pg/l) Selenium (pg/l) Zinc (pg/l)
1 Rio Blanco, Maliman, 2.6 ± 0.4 13.1 ± 1.7 20.0 ± 3.5
2 Rio Blanco 3.2 ± 1.0 10.3 ± 1.6 8.0 ± 3.1
3 Rio Blanco, Angualasto <1.6L 12.9 ± 0.8 4.8 ± 0.5
4 Rio Blanco <1.6 9.0 ± 1.6 21.5 ± 3.4
5 Rio Blanco, dam entry <1.6 10.8 ± 4.4 6.5 ± 0.9
6 Rio Colola <1.6 18.1 ± 2.5 4.0 ± 2.0
7 Cuesta del Viento dam <1.6 15.4 ± 6.0 7.8 ± 2.0
8 Rio Jachal, dam outflow <1.6 12.6 ± 5.3 26.1 ± 5.8
9 Rio Jachal 3.8 ± 1.0 <2.6 6.3 ±1.6
10 Rio Jachal, Pachimoco dam 2.9 ± 0.2 4.5 ± 0.4 4.6 ± 1.2
12 La Pampa 3.2 <2.6 3.8
13 Rio Jachal, San Roque <1.6 <2.6 3.1 ± 0.2
14 Agua Negra 3.5 ± 0.5 5.0 ± 0.6 3.9 ± 0.2
15 Rio Jachal, Niquivil 3.8 ± 0.2 <2.6 3.7 ± 0.2
16 Huerta de Huachi <1.6 <2.6 2.9 ± 0.7
17 Rio Huaco, Dique de los 
Cauquenes
3.4 ± 0.3 <2.6 3.5 ± 0.6
18 Rio Huaco 3.5 ± 0.5 <2.6 5.3 ± 1.0
19 Rio Huaco 3.4 ± 0.5 <2.6 5.1 ± 1.5
20 Rio Huaco, at Huaco 3.5 ± 0.5 <2.6 5.5 ± 1.6
<=below detection limit
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Table 4.15 Concentrations of copper, selenium and zinc in irrigation water the San Jose de
Jachal region; mean ± standard deviation (pg/l).
Code Location Copper (pg/l) Selenium (pg/l) Zinc (pg/l)
12 La Pampa, 3.4 ± 1.4 <2.6 3.0 ± 0.2
14 Agua Negra 3.1 ± 0.1 <2.6 2.6 ± 0.2
15 Niquivil, channel 1 3.5 ± 0.4 5.5 ± 0.9 3.1 ± 0.7
15 Niquivil, channel 2 4.0 ± 0.1 5.2 ± 0.7 3.3 ± 0.1
15 Niquivil, channel 3 3.3 ± 0.1 4.1 ± 0.1 2.7 ± 0.1
16 Huerta de Huachi 4.8 ± 2.6 <2.6 10.2 ± 5.8
19 3 km west of Huaco 3.6 ± 0.4 6.1 ± 1.4 4.9 ± 1.4
20 Huaco 3.5 ± 0.6 6.1 ± 1.8 4.4 ± 0.2
<=below detection limit
Table 4.16 Concentrations of copper, selenium and zinc in drinking water the San Jose de
Jachal region; mean ± standard deviation (pq/l).
Code Location Copper (pg/l) Selenium (pg/l) Zinc (pg/l)
11 San Jose de Jachal 4.2 ± 0.1 6.2 ± 0.2 11.3 ± 1.9
15 Niquivil 3.9 ± 0.7 5.5 ± 1.5 5.4 ± 1.5
15 Niquivil 4.9 ± 1.8 6.5 ± 0.9 6.5 ± 1.0
15 Niquivil 3.3 ± 0.2 5.4 ± 0.5 4.0 ± 0.3
20 Huaco 3.9 ± 0.7 7.3 ± 0.6 6.5 ± 0.6
4.2.2.9 Inter-element correlation
The relationship between the levels of boron, arsenic, calcium, magnesium, potassium 
and sodium were investigated by using Pearson's Product Moment Correlation 
Coefficients (r). The value of r was subject to a t-test at the 0.05 probability level to 
test the significance of its magnitude, as described in Appendix A. The results are 
presented in Table 4.17.
Table 4.17 Inter-element Product Moment Correlation Coefficients (r) for water levels in the 
San Jose de Jachal region. Those highlighted in red are significant at the 0.05 
___________probability level._______________________________________________________
Boron Arsenic Calcium Magnesium Potassium Sodium
n 80 80 80 80 80 80
Boron 1.000
Arsenic -0.261 1.000
Calcium 0.312 0.161 1.000
Magnesium 0.122 -0.756 0.211 1.000
Potassium 0.681 0.301 0.391 -0.168 1.000
Sodium 0.515 -0.777 0.157 0.720 0.067 1.000
Significant relationships were observed between boron with arsenic, calcium, 
potassium and sodium; arsenic with potassium and sodium; calcium and potassium; 
and magnesium and sodium. The sign of r indicates a positive or negative correlation.
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Negative relationships were found between boron and arsenic; arsenic and 
magnesium; and arsenic and sodium; meaning that as the concentration of one of 
these elements increases, the other decreases. Positive links were found between 
boron with calcium, potassium and sodium signifying that the concentration of boron is 
related to the levels of soluble salts. The trends observed here differ to those seen in 
Table 3.8 from the 2005 investigation which could be attributed to the increased 
sample size in this study.
4.2.3 Soil and Sediment
The levels of arsenic, boron, cadmium, copper, lead, selenium and zinc were measured 
in the sediment and soil samples from the San Jose de Jachal region. In all samples, 
the concentration of cadmium and selenium was below the instrumental detection limit 
for the technique, ICP-MS. This equates to approximately 0.4 and 2.6 mg/kg of 
cadmium and selenium respectively in the original material. All concentrations are 
reported as dry weight.
The results for boron and arsenic are reported as schematic diagrams in the same 
fashion as the water results were presented previously, whereas the values for copper, 
lead and zinc are given in tabular form (Table 4.20). Additionally, the results of the 
sequential extraction methodology are presented. It should be noted that there were 
no sediment samples collected at sites 4 (Rio Blanco), 9 (Rio Jachal) and 11 (San Jose 
de Jachal). At sites 4 and 9, the accessible river bed only contained stones and was not 
considered comparable to the other locations. Site 11 was in the town of San Jose de 
Jachal where only tap water samples were collected. These sites are retained in the 
schematic diagram but are shown as empty circles.
4.2.3.1 Boron
The concentration of boron in the sediment samples are presented in Figure 4.8 and 
the soil results are given in Table 4.18. The descriptive statistics are reported in 
Appendix B. Additionally, the geochemical fractionation patterns for both sediments 
and soils are presented in Figures 4.9 and 4.10.
116
Chapter Four -  Results and Discussion
1. Rio Blanco - Maliman
19. Rio Huaco
20. Rio Huaco - 
Huaco
12. Rio Jachal -  La Pampa
13. Rio Jachal -  San Roque
15. Rio Jachal - Niquivil
Figure 4.8 Concentration of boron in river sediments in the San Jose de Jachal region (mg/kg).
The levels of boron present in river sediments generally show an increasing trend 
along the main river system (Rio Blanco -> Rio Jachal), from sites 1 to 12, yet from 
sites 13 to 15, there appears to be a decrease. In Figure 4.2, the concentration of 
boron in river water was at a maximum at sites 14 and 15. Correlation analysis of the 
water and sediment levels (as performed in Section 3.4.1) gave an r value of 0.314 
which was determined to be significant at the 95% confidence interval (^= 2.14, 
n=44, tcrit=2.02). This is a lower correlation coefficient than was observed in the 2005 
investigation (r=0.777) and could be attributed to the larger sampling size in this 
study. With the exception of sites 5 and 12, the concentrations found were very similar 
to those reported in Section 3.4.1 for the San Jose de Jachal region and in all cases are 
greater than the reported literature range of 2-20 mg/kg (Table 1.4).
Typical boron levels in soil range from 2 to 100 mg/kg (Table 1.4) and in general, the 
majority of the locations sampled were within or just slightly above this range (Table 
4.18). The main exception to this is site 12, La Pampa, which was found to contain
416.5 mg/kg boron. In the previous study, a sample was taken from a domestic 
garden in Niquivil (site 15) and the boron level was determined to be 1558 mg/kg 
which was not seen in this investigation.
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Table 4.18 Boron concentrations in soil from the San Jose de Jachal region (mg/kg).
SD=standard deviation.
Code Location Mean (mg/kg) SD (mg/kg)
4 Rio Blanco, 9 km south of Angualasto 121.3 -
12 La Pampa 416.5 -
15 Niquivil, area 1 94.8 3.7
15 Niquivil, area 2 107.3 1.4
15 Niquivil, area 3 103.5 -
18 Rio Huaco, 8 km east of site 17 141.4 -
19 3 km west of Huaco 83.3 -
20 Huaco 145.5 21.3
A method of speciation was applied to both sediments and soils to determine the 
geochemical distribution of boron. The 'BCR three step' technique was used (Section 
2.3.2.1) which produced four chemical fractions (Rauret, 1999):
i) exchangeable and bound to carbonates;
ii) bound to iron-manganese oxides;
iii) bound to organic matter and sulphides; and
iv) residual/neutral fraction.
The results of the sequential extraction procedure, as shown in Figures 4.9 and 4.10, 
depict different fractionation patterns in sediments and soils. With respect to 
sediments, the majority of boron is present in the residual fraction, typically greater 
than 50%. Conversely, in soils, the residual portion only accounts for approximately 
30% of the total boron. The Fe-Mn oxides and the organic/sulphides phases in both 
media contained the same proportion in each, approximately 30-35%. The largest 
difference between the two media is the exchangeable fraction; in sediments it 
accounts for an average of 10% of the total boron whereas in soils, the mean is 30%. 
The exchangeable fraction is the most mobile phase for elemental transport and is 
therefore of considerable importance for plant availability. Typically, less than 5% of 
the total boron is available for uptake but this is strongly related to the organic and 
clay content of the soil (Gupta et al., 1985; Yermiyahu et at., 2001; Malina, 2004). 
Other researchers using different extraction procedures (Table 1.11) have reported the 
'available' fraction of soils to contain less than 2% of the total boron (Hou et al., 1994; 
Xu et al., 2001; Raza et at., 2002). The larger proportion of boron observed in the 
exchangeable fraction could be attributed to the higher total boron content found in 
the soils and sediments from San Jose de Jachal. Furthermore, this work is the first to 
report boron fractionation using the BCR technique (Section 1.5).
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Figure 4.9 The geochemical fractionation of boron in sediments from the San Jose de Jacha 
region.
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Figure 4.10 The geochemical fractionation of boron in soils from the San Jose de Jachal 
region.
4.2.3.2 Arsenic
The concentrations of arsenic in river sediments from the San Jose de Jachal area are 
presented in Figure 4.11, with the levels found in soils given in Table 4.19. Also, the 
results of the sequential extraction methodology are discussed. The full data are 
reported in Appendix B.
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0  15. Rio Jachal - Niquivil
Figure 4.11 Concentration of arsenic in river sediments in the San Jose de Jachal region 
(mg/kg).
The concentrations found in this study compared well to those obtained in Section
3.4.2 and in most cases are above the average value of 10 mg/kg, but as stated 
previously the local geochemistry can significantly affect this (Mandal and Suzuki, 
2002). In general, the arsenic levels present in river sediment appears to follow the 
same trend as the water samples (Figure 4.3). This was tested by determining the 
Pearson's Correlation Coefficient (r) and was calculated to be 0.478. At the 95% 
confidence interval, this is a significant result according to a t-test (^= 3.53 , n=44, 
tcnt=2.02), showing there is a relationship between river water and sediments.
Table 4.19 Arsenic concentrations in soil from the San Jose de Jachal region (mg/kg).
SD=standard deviation.
Code Location Mean (mg/kg) SD (mg/kg)
4 Rio Blanco, 9 km south of Angualasto 24.3 -
12 La Pampa 32.2 -
15 Niquivil, area 1 13.8 0.4
15 Niquivil, area 2 12.3 0.3
15 Niquivil, area 3 9.6 -
18 Rio Huaco, 8 km east of site 17 4.5 -
19 3 km west of Huaco 5.9 -
20 Huaco 10.3 2.9
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The levels found in these soil samples are within the typical range for arsenic, between 
0.1-50 mg/kg with a worldwide average of 5 mg/kg (Mandal and Suzuki, 2002; 
Heikens, 2006). Heikens (2006) also reported that soil concentrations do not 
necessarily directly correlate with plant uptake indicating that the arsenic species 
present plays a large role in its availability.
The results of the geochemical fractionation are presented in Appendix B for brevity 
within this chapter. The patterns observed are summarised below:
Sediment: Residual (66%) > Fe-Mn oxides (22%) > exchangeable (11%) > organic (1%) 
Soil: Residual (67%) > Fe-Mn oxides (18%) > exchangeable (13%) > organic (2%)
Both media showed the same distribution of arsenic, with the majority present in the 
residual fraction, followed by the Fe 8i Mn oxide phase, which are both considered to 
be the least available to plants (Pueyo et al., 2003). However, as discussed above, the 
chemical species is also an important factor for plant uptake (Heikens, 2006).
4.2.3.3 Copper, lead and zinc
A summary of the concentration of copper lead and zinc in river sediments and soils is 
presented in Table 4.20. The full data can be found in Appendix B. In general, there 
were no major variations in the levels found throughout the sampling region.
Table 4.20 Summary of the concentrations of copper, lead and zinc in river sediments and 
___________soils from the San Jose de Jachal region (mg/kg).___________________________
Mean Median Range n
Sediments
Copper 21.1 19.4 6.2 -  50.3 23
Lead 94.6 94.7 55.7 - 168.7 23
Zinc 15.5 14.1 9 .3-36.9 23
Soils
Copper 22 18.2 12.8 -  54.3 14
Lead 14.8 13.4 10.9 -  27.5 14
Zinc 89.3 81.1 55.7 -  194.8 14
Table 4.21 summarises typical levels of copper, lead and zinc found in sediments and 
soils. Almost all of the samples from the San Jose de Jachal region are within these 
average ranges.
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Table 4.21 Summary of literature concentrations for copper, lead and zinc in sediments and 
___________ soil (mg/kg).__________________________________________________________
Element Sediment 
Mean Range Mean
Soil
Range
Reference
Copper - 16-5000 30 2-250 (World Health
Organisation, 1998b)
- - 30 2-250 (Bowen, 1979)
- - 15 6-60 (Ward, 2000)
Lead - 8-360 - 15-30 (World Health
(up to 5000 Organisation, 1989)
roadside)
- - 35 2-300 (Bowen, 1979)
- - 30 1.5-189 (Kabata-Pendias and
Pendias, 1984)
Zinc - up to 100 - 10-300 (World Health
Organisation, 2001b)
- - 90 1-900 (Bowen, 1979)
- - 60 17-125 (Ward, 2000)
A summary of the results for the sequential extraction protocol are provided in Table 
4.22; graphical representations of the data are presented in Appendix B for 
conciseness in this chapter. For all three elements, the residual fraction contained the 
majority of the elemental content whereas the exchangeable contained the least. The 
level of copper in the organic phase of soils was higher than in the Fe-Mn oxides, 
which was in contrast to the trend observed for sediments but this pattern has been 
previously observed (Stead, 2002). These results were generally in agreement with 
others reported in the literature but caution must be taken when comparing 
investigations, as often different experimental conditions are applied and different soil 
types which may influence the extraction efficiency (Svete et al., 2001; Stead, 2002; 
Pueyo etal., 2003; Lucho-Constantino etal., 2005).
Table 4.22 Summary of the geochemical fractionation patterns for copper, lead and zinc in 
___________sediments and soil from the San Jose de Jachal region._______________________
Element Media Exchangeable Fe-Mn oxides Organic Residual
Copper Sediment 5% 16% 9% 70%
Soil 3% 9% 14% 74%
Lead Sediment 0% 13% 3% 84%
Soil 0% 14% 3% 83%
Zinc Sediment 7% 21% 8% 63%
Soil 8% 31% 8% 54%
4.2.3.4 Inter-element correlations
The relationship between the levels of boron, arsenic, copper, lead and zinc in 
sediments and soils was established using Pearson's Product Moment Correlation
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Coefficients. A t-test was then performed at the 95% confidence interval to test the 
significance of the value of r, as described in Appendix A. The results are given in 
Table 4.23 and 4.24 for sediments and soils respectively.
Table 4.23 Inter-element Product Moment Correlation Coefficients (r) for sediment levels in 
the San Jose de Jachal region. Those highlighted in red are significant at the 0.05 
___________ probability level.______________________________________________________
Boron Copper Zinc Arsenic Lead
n 23 23 23 23 23
Boron 1.000
Copper 0.102 1.000
Zinc 0.082 0.799 1.000
Arsenic -0.021 0.838 0.920 1.000
Lead -0.011 0.723 0.782 0.805 1.000
Table 4.24 Inter-element Product Moment Correlation Coefficients (r) for soil levels in the San 
Jose de Jachal region. Those highlighted in red are significant at the 0.05 
__________ probability level.______________________________________________________
Boron Copper Zinc Arsenic Lead
n 14 14 14 14 14
Boron 1.000
Copper -0.011 1.000
Zinc 0.071 0.960 1.000
Arsenic 0.756 -0.013 0.125 1.000
Lead 0.069 0.629 0.545 0.111 1.000
In the case of sediments, no significant relationship was found between boron and the 
other elements of interest, yet between arsenic, copper, lead and zinc, significant 
correlations were observed between each other. It is an interesting result as this could 
be related to the geochemical origin of the sediments as all four elements are 
commonly found together in various sulphur-based ores (Bowen, 1979). In soils, 
significant relationships were only observed between boron/arsenic, copper/zinc, 
copper/lead and lead/zinc. Again, this could be linked to the parent rock material from 
which the soil developed, indicating that it has a different origin than from river 
sediments.
4.2.4 Summary
This section has reported the environmental levels of boron and selected other 
elements in water (river, irrigation and tap), sediment and soil samples from the region 
of San Jose de Jachal, San Juan. The values found from this sampling period generally
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reflect similar levels and trends to those observed in the preliminary study in 2005 
(Chapter 3).
The boron, arsenic, magnesium, potassium and sodium levels in all water types were 
found to be higher than typical literature values and in cases where guidance limits are 
set, the concentrations determined here exceed them. The calcium levels in irrigation 
and tap water are within average reported ranges, as well as copper, selenium and 
zinc in all water types. Some statistically significant (P<0.05) inter-element 
relationships were also observed.
The concentrations of boron in sediment and soils and arsenic in sediments were also 
greater than literature values. Additionally, the quantity of copper, lead and zinc in 
sediments and soils were within typical ranges. As with the water samples, a number 
of significant inter-element correlations were observed (P<0.05).
A sequential extraction process, namely the 'BCR three step' methodology, was applied 
to the sediments and soils from San Jose de Jachal, which was reported for the first 
time with respect to boron. For all sediment samples, the residual fraction contained 
the highest proportion of the elements measured. This was mirrored in the soil 
samples with the exception of boron, where the organic phase had the highest 
fraction. Additionally for, boron, the quantity of exchangeable/available boron was 
higher than estimated by other workers.
4.3 General Roca, Rio Negro, Patagonia
The town of General Roca in the Rio Negro province is located approximately 1000 km 
south of San Jose de Jachal, as shown in Figure 2.1. A more detailed map of the area 
is depicted in Figure 4.12. General Roca has one main river system flowing through it 
from west to east, namely the Rio Negro, which is fed by two others, the Rio Neuquen 
and Rio Limay, which can be seen in Figure 4.13. The subsequent section describes the 
sampling locations in detail.
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Figure 4.12 Detailed map of the region surrounding General Roca (Grl. Roca) (taken from 
http://www.argentour.com/en/map/province/rio_negro.php).
4.3.1 Sampling Locations
Samples were collected and prepared as detailed in Sections 2.2 and 2.3. Water 
samples and river sediments were collected from the main river system (Rio 
Neuquen/Negro) and a man-made irrigation channel known as the 'Grand Canal'. This 
channel supports the agricultural activities in the region and is supplied from the main 
river system. The detailed sampling locations are depicted in Figure 4.13 with further 
information given in Table 4.25.
Table 4.25 Description of sampling sites and types from General Roca, Rio Negro.
5 Location and description
.--- .--- ----- ------ 2---
Sample types
1 Rio Neuquen, at the inlet to the Grand Canal water, sediment
2 Grand Canal, Cinco Saltas water (river and tap), sediment
3 Grand Canal, Cipolletti water (river and tap), sediment
4 Grand Canal, Allen water (river and tap), sediment
5 Grand Canal, General Roca water (river and tap), sediment
6 Grand Canal, Villa Regina water
7 Rio Neuquen, at the bridge between Neuquen 
and Cipolletti
water, sediment
8 Rio Negro, Allen water, sediment
9 Rio Negro, inlet channel to the Grand Canal water, sediment
10 Rio Negro, General Roca water, sediment
11 Rio Negro, Villa Regina water, sediment
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Figure 4.13 Sampling locations for General Roca, Rio Negro, shown using Google Earth 
Version 4.3.
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The Rio Neuquen starts in the Andes approximately 300 km north west of the city of 
Neuquen where it meets the Rio Limay, which starts approximately 350 km south west 
of Neuquen. The confluence of these two rivers at Neuquen forms the Rio Negro which 
continues to flow south east towards the Atlantic Ocean. At site 1, part of the Rio 
Neuquen is diverted into the 'Grand Canal' which supplies irrigation water to a wider 
area. Site 7 is at Neuquen just before the Rio Limay joins the Rio Neuquen, where the 
subsequent samples were taken from the Rio Negro. Tap water samples were also 
taken from residential locations at four of the sites.
As with Chapter 3 and Section 4.3.2, the levels of boron and selected other elements 
for river and irrigation water and sediment samples are presented schematically to aid 
identification of any elemental trends. These diagrams correspond to the locations 
shown in Figure 4.13. The concentrations of some trace and toxic elements are 
presented in tabular form for river, irrigation and tap water. The levels of boron, 
arsenic, copper, lead and zinc in sediments are given in Section 4.3.3, with boron and 
arsenic presented as schematics in the same manner as the river/irrigation water 
results and a summary of copper, lead and zinc levels are reported in Table 4.35.
4.3.2 Water
4.3.2.1 pH
The pH of the water samples from General Roca, Rio Negro was found to range from
6.8 to 7.9. This suggests that boron in chiefly present as boric acid (Figure 1.1) 
(Darbouret and Kano, 2000). These values are similar to those water samples collected 
from San Jose de Jachal.
4.3.2.2 Boron
The concentration of boron in river and irrigation water from the Rio Negro region is 
presented in Figure 4.14. The actual values obtained can be found in Appendix B.
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Figure 4.14 Concentration of boron in river and irrigation water in the General Roca, Rio 
Negro region (mg/l).
The schematic shows the levels of boron in river and irrigation water are much lower 
than those observed in San Jose de Jachal (Figure 4.2). These values are 
representative of those typically reported in the literature, 0.01-1 mg/l (Table 1.2) and, 
with the exception of site 7, are below the tolerable levels for the majority of 
agricultural crops (Table 1.7). The concentration of boron at site 7 appears to be 
greatly elevated compared to the surrounding locations, a trend which is repeated in 
the subsequent results.
The boron concentrations found in drinking water from the General Roca region are 
presented in Table 4.26. They are also in agreement with typical literature data, 
ranging from 0.01-2 mg/l and are below the WHO guideline recommendation of 0.3 
mg/l (World Health Organisation, 2003a; World Health Organisation, 2006a).
Table 4.26 Boron concentrations in tap water from the General Roca region, Rio Negro (mg/l).
SD=standard deviation.
Code Location Mean (mg/l) SD (mg/l)
2 Cinco Saltas 0.027 0.001
3 Cipolletti 0.028 0.002
4 Allen 0.028 0.006
5 General Roca 0.041 0.017
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4.3.2.3 Arsenic
The level of arsenic measured in the river and irrigation water samples are depicted in 
Figure 4.15. The full results are given in Appendix B. Four of the sites were found to be 
below the instrumental detection limit for ICP-MS (2.0 pg/l, Table 2.14) and in the 
majority of the remaining sites, the concentration is below 10 pg/l. The exception to 
this is site 2 where the arsenic level was found to be 88 pg/l. No explanation can be 
given for this other than some form of localised contamination from industrial activities 
surrounding Cinco Saltas. The subsequent sampling locations do not show any 
increased levels and actually decrease after this point.
Figure 4.15 Concentration of arsenic in river and irrigation water in the General Roca, Rio 
Negro region (pg/l).
The levels of arsenic in all of the drinking water samples from surrounding region of 
General Roca were all found to be below the detection limit of 2.0 pg/l (Table 2.14). 
This is typical for natural background levels and is below the WHO guideline of 10 pg/l 
(Mandal and Suzuki, 2002; World Health Organisation, 2006a).
4.3.2.4 Calcium
The results of determination of calcium in river and irrigation water are shown 
schematically in Figure 4.16, with the actual values are given in Appendix B. In 
general, the concentrations are low with the exception of site 7 which mirrors the 
pattern of boron levels in Figure 4.14). Typical river water levels range from 2-150
River w ater (Rio Neuquen/Negro) 
Irrigation w ater (Grand Canal)
11. Rio Negro -  
Villa Regina
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mg/l and the majority of these samples are within this (Bowen, 1979; World Health 
Organisation, 2006a).
River water (Rio Neuquen/Negro) 11. Rio Negro -
Irrigation water (Grand Canal) Villa Regina
Figure 4.16 Concentration of calcium in river and irrigation water in the General Roca, Rio 
Negro region (mg/l).
The calcium levels in drinking water for the General Roca region are presented in Table
4.27. The values are at the lower end of the literature range of 2-150 mg/l and 
indicate soft water (Bowen, 1979).
Table 4.27 Calcium concentrations in tap water from the General Roca region, Rio Negro
(mg/l). SD=standard deviation.
Code Location Mean (mg/l) SD (mg/l)
2 Cinco Saltas 4.3 <0.1
3 Cipolletti 4.5 <0.1
4 Allen 4.3 <0.1
5 General Roca 4.4 0.2
4.3.2.5 Magnesium
The concentrations of magnesium in the river and irrigation water samples are 
depicted in Figure 4.17. The full results are given in Appendix B. As was seen in 
Figures 4.14 and 4.16, site 7 shows the highest levels although it is comparable to 
those observed in the river samples from San Jose de Jachal.
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Figure 4.17 Concentration of magnesium in river and irrigation water in the General Roca, Rio 
Negro region (mg/l).
The concentration of magnesium in the drinking water samples is presented in Table
4.28. Literature values for magnesium in water range from 0.4-6 mg/l and the values 
found in the samples from General Roca are within these boundaries (Bowen, 1979). 
As with calcium, the values indicate the presence of soft water.
Table 4.28 Magnesium concentrations in tap water from the General Roca region, Rio Negro
(mg/l). SD=standard deviation.
Code Location Mean (mg/l) SD (mg/l)
2 Cinco Saltas 1.9 0.1
3 Cipolletti 2.0 0.1
4 Allen 2.1 <0.1
5 General Roca 2.3 0.4
4.3.2.6 Potassium
Figure 4.18 presents the concentration of potassium found in the samples collected 
from the Rio Negro region and the actual data are provided in Appendix B. The levels 
found were quite low and follow a similar trend to the boron and calcium results. Site 7 
also shows enriched levels as was found for boron, calcium and magnesium.
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Figure 4.18 Concentration of potassium in river and irrigation water in the General Roca, Rio 
Negro region (mg/l).
Potassium levels in the drinking water from the General Roca are given in Table 4.29. 
The values are low but still within normal reported ranges -  0.5 to 10 mg/l (Bowen, 
1979).
Table 4.29 Potassium concentrations in tap water from the General Roca region, Rio Negro
Code Location Mean (mg/l) SD (mg/l)
2 Cinco Saltas 0.9 <0.1
3 Cipolletti 0.9 0.1
4 Allen 0.8 <0.1
5 General Roca 1.5 0.9
4.3.2.7 Sodium
The concentration of sodium in river and water samples is depicted in Figure 4.19, with 
full descriptive statistics given in Appendix B. With the exception of site 7, the levels 
observed are within typically expected ranges but at a value of 1187 mg/l of sodium, 
site 7 is at an extreme. This must be a localised effect as similar levels were not found 
at the location before or after. It is possible this site was influenced by run-off from the 
nearby motorway, Ruta 22, or local industrial activities, which is also contributing to 
the enhanced concentrations seen for boron, calcium, magnesium and potassium.
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Figure 4.19 Concentration of sodium in river and irrigation water in the General Roca, Rio 
Negro region (mg/l).
The concentration of sodium in the drinking water samples from the General Roca 
region are given in Table 4.30. These values are within acceptable ranges and should 
not impair the taste of the water.
Table 4.30 Sodium concentrations in tap water from the General Roca region, Rio Negro
Code Location Mean (mg/l) SD (mg/l)
2 Cinco Saltas 17.2 0.1
3 Cipolletti 17.7 0.2
4 Allen 16.8 0.2
5 General Roca 18.3 0.3
4.3.2.8 Trace and toxic elements
The concentration of various trace and toxic elements, namely cadmium, copper, iron, 
lead, manganese, selenium and zinc were also measured in the water samples by ICP- 
MS. The results obtained for river and irrigation water are presented in Tables 4.31 
and 4.32. For both water types, cadmium, iron, lead and manganese were found to be 
below the instrumental detection limit (Table 2.14).
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Table 4.31 Concentrations of copper, selenium and zinc in river water the General Roca 
region; mean ± standard deviation (pg/l).
Code Location Copper (pg/l) Selenium (pg/l) Zinc (pg/l)
1 Rio Neuquen, inlet channel <1.6 <2.6 <1.2
7 Rio Neuquen, between 17.9 ± 0.6 28.6 ± 1.9 5.3 ± 2.1
Neuquen and Cipolletti
8 Rio Negro, Allen <1.6 <2.6 <1.2
9 Rio Negro, inlet channel 4.9 ± 0.3 5.0 ± 0.3 7.6 ± 1.8
10 Rio Negro, General Roca 4.0 ± 0.2 <2.6 5.6 ± 1.8
11 Rio Negro, Viila Regina <1.6 <2.6 <1.2
<=below detection limit
Table 4.32 Concentrations of copper, selenium and zinc in irrigation water the General Roca
region; mean ± standard deviation (pg/l).
Code Location Copper (pg/l) Selenium (pg/l) Zinc (pg/l)
2 Grand Canal, Cinco Saltas 4.2 ± 0.2 7.2 ± 0.1 <1.2
3 Grand Canal, Cipolletti 2.1 ± 0.2 <2.6 <1.2
4 Grand Canal, Allen 4.1 ± 0.1 <2.6 6.3 ± 2.0
5 Grand Canal, General Roca <1.6 <2.6 19.8 ± 3.5
6 Grand Canal, Villa Regina 3.6 ± 1.1 <2.6 <1.2
<=below detection limit
The drinking water samples from the General Roca region were also screened for the
various elements listed above. Of these, cadmium, iron, manganese and selenium were 
below the detection limits for ICP-MS (Table 2.14). Interestingly, lead was detected in 
all four locations. Table 4.33 presents the concentrations of copper, lead and zinc 
found in these samples.
Table 4.33 Concentrations of copper, lead and zinc in tap water the General Roca region;
mean ± standard deviation (pg/l).
Code Location Copper (pg/l) Lead (pg/l) Zinc (pg/l)
2 Cinco Saltas 32.3 ± 6.1 4.2 ± 1.4 34.9 ± 5.9
3 Cipolletti 30.4 ± 6.4 11.8 ± 4.1 39.1 ± 4.2
4 Allen 50.4 ±11.8 8.3 ± 2.3 9.7 ± 0.2
5 General Roca 17.3 ± 5.2 4.5 ± 1.9 7.5 ± 1.4
The levels of copper and zinc are within normal ranges 5-30000 pg/l and 10-50 pg/l 
respectively and are below WHO guidance limits of 2 mg/l and 3 mg/l respectively 
(World Health Organisation, 2006a). The concentration of lead found in these samples 
is higher than levels typically found in drinking water, <5 pg/l, and the WHO maximum 
guideline is set at 10 pg/l. One of the samples slightly exceeded this criterion, however 
the concentration of lead in water is known to be variable; depending on pH, water 
hardness and the composition of the pipes used to supply the water (World Health 
Organisation, 2006a).
134
Chapter Four -  Results and Discussion
4.3.2.9 Inter-element correlation
As with the data from San Jose de Jachal, the General Roca values were subjected to 
correlation analysis and significance testing as described in Section 4.2.2.9, with the 
omission of arsenic. The results of the calculations are shown in Table 4.34 below.
Table 4.34 Inter-element Product Moment Correlation Coefficients (r) for water levels in the
General Roca region, 
probability level.
Those highlighted in red are significant at the 0.05
Boron Calcium Magnesium Potassium Sodium
n 32 32 32 32 32
Boron 1.000
Calcium 0.915 1.000
Magnesium 0.957 0.911 1.000
Potassium 0.836 0.832 0.832 1.000
Sodium 0.995 0.884 0.948 0.829 1.000
In all cases, each relationship tested showed strong positive correlations to each other. 
This is in contrast to the results obtained from the San Jose de Jachal data set where 
relationships were only found between boron with calcium, potassium and sodium; 
calcium and potassium; and magnesium and sodium. The sign on the r values are all 
positive signifying that as the concentration of one element increases, so does the 
other element. The results also indicate that boron concentrations are related to 
soluble salts, as was also seen with the San Jose de Jachal data.
4.3.3 Sediment
As with the water data in Section 4.3.2, the elemental levels found in the sediment 
samples from the General Roca region are reported schematically. In all cases, the 
exact concentrations can be found in Appendix B. The geochemical fractionation 
patterns are also presented. The following elements were determined: arsenic, boron, 
cadmium, copper, lead, selenium and zinc; out of these, cadmium and selenium were 
below the detection limits of the instrumental technique, namely ICP-MS (Table 2.14). 
It should also be noted that there was no sample collected at the Grand Canal in Villa 
Regina and so is represented in the subsequent diagrams as an empty circle. All values 
are reported on a dry weight basis.
4.3.3.1 Boron
The concentration of boron in the sediment samples from the General Roca region are 
presented in Figure 4.20. Sites 4 and 7 show the highest levels in this system. Site 7
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consistently contained the highest concentrations in the water samples (Figures 4.14 
and 4.16-19.)
Figure 4.20 Concentration of boron in sediments from the General Roca, Rio Negro region 
(mg/kg).
The concentration of boron present in the sediment samples from General Roca are 
also above the literature range of 2-20 mg/kg (Table 1.4) when compared to the San 
Jose de Jachal data but with a smaller spread of values (General Roca range 34-93 
mg/kg; San Jose de Jachal range 25-147 mg/kg). However, the correlation between 
the sediment and water results is not as clear. The river samples do follow a similar 
pattern to the water samples but this does not appear to be the same for the irrigation 
channel samples. Therefore, this was tested using the Pearson's Correlation Coefficient 
followed by a t-test (see Appendix A). The r value for all the data points was calculated 
to be 0.379 which was not significant at the 95% confidence interval (tcaic=1.78, n=21, 
tcrit=2.09). However, if the samples were spilt into river and irrigation channel, the 
values of r are 0.644 and 0.614 respectively which was significant at the 95% 
confidence interval for the river samples but not for the irrigation channel (river: 
tcaic=2.66, n=12, tcnt=2.23; irrigation: tca|C=2.06, n=9, ^=2.37). These results show 
that the influence of water used for irrigation does not affect the concentrations 
present in sediments in the channel.
River (Rio Neuquen/Negro) 
Irrigation channel (Grand Canal)
11. Rio Negro -  
Villa Regina
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The boron results from the application of the BCR sequential extraction methodology to 
the sediments from General Roca are presented in Figure 4.21. The majority of the 
boron was found to be within the residual fraction (62%), followed by the organic 
phase (26%), exchangeable (8%) and Fe-Mn oxides (4%). The pattern is different to 
that observed for the San Jose de Jachal samples (Figures 4.9 and 4.10) but is more 
consistent with previous investigations (Hou et at., 1994; Xu et at., 2001; Raza et al., 
2002). The trend is also reasonably consistent across the samples.
[■Exchangeable a  Fe-Mn oxides ■Organic/sulphides □  Residual
1 00 %  1— --------   T 7 - 1---------------         —
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Figure 4.21 The geochemical fractionation of boron in sediments from the General Roca, Rio 
Negro region.
4.3.3.2 Arsenic
Figure 4.22 presents the distribution of arsenic in the sediment samples from the 
General Roca region. Overall, there is little variation in the concentrations found, 
ranging only from 2.1 to 8.5 mg/kg. As discussed in Section 4.2.3.2, values up to 10 
mg/kg are considered average, showing that the levels present in this region are 
normal (Mandal and Suzuki, 2002).
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4.8-5.9 
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7. Rio Neuquen 
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River (Rio Neuquen/Negro) 
Irrigation channel (Grand Canal)
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Villa Regina
Figure 4.22 Concentration of arsenic in sediments from the General Roca, Rio Negro region 
(mg/kg).
The concentrations obtained for sediments were compared to the water data to 
establish any relationship between the two. As with the boron data, the data were 
treated as a whole group and also as two sub-groups (river and irrigation). An r value 
of 0.327 was obtained for all samples which was not statistically significant at the 95% 
confidence interval (tcaic=1.25, n=13, ^=2.16). When the data were spilt into the two 
groups, the values of r of 0.701 and 0.478 for river and irrigation were also found to 
not be significant for both (river: tcaic=2.41, n=8, ^=2.45; irrigation (tcaic=1.22, n=7, 
tcrit=2.57). This could be a result of the mixing of the Rio Neuquen and Rio Limay to 
form the Rio Negro, both of which have different sources in the Andes and arsenic 
concentrations is known to be strongly related to the geochemical background (Mandal 
and Suzuki, 2002).
Sequential extraction was applied to the sediment samples and the results are 
summarised below. Graphical representations of the data are presented in Appendix B 
for brevity within this chapter. These distributions are similar to those observed in the 
San Jose de Jachal samples.
Sediment: Residual (58%) > Fe-Mn oxides (38%) > exchangeable (3%) > organic (1%)
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4.3.3.3 Copper, lead and zinc
A summary of the concentrations of copper, lead and zinc in the sediments from the 
General Roca region are shown in Table 4.35. The full data may be found in Appendix 
B. In general, there is relatively small variation in the elemental composition of these 
samples, which was also found for the sediments from San Jose de Jachal (Table 
4.20). Additionally, these levels are within normal reported ranges for sediments and 
soils (Table 4.21).
Table 4.35 Summary of the concentrations of copper, lead and zinc in sediments from the 
___________ General Roca, Rio Negro region (mg/kg).__________________________________-----' ---
Mean Median Range n
Copper 15.6 13.4 5 .4-27.3 10
Lead 18.7 16.7 15.5 -  25.6 10
Zinc 78.7 79.2 46-117.1 10
The geochemical distribution of copper, lead and zinc in the sediment samples was 
determined using the 'BCR three step' protocol; the results of which are summarised in 
Table 4.36 and presented graphically in Appendix B. The trends for copper and lead 
were similar to those obtained for the San Jose de Jachal region (Table 4.22). 
However, a difference was observed for extraction pattern of zinc; the exchangeable 
fraction was found to contain more zinc than the Fe & Mn oxides and organic phases. 
Despite this, the results are similar to previous studies (Svete et al., 2001; Stead, 
2002; Pueyo etal., 2003; Lucho-Constantino etal., 2005).
Table 4.36 Summary of the geochemical fractionation patterns for copper, lead and zinc in 
___________ sediments from the General Roca, Rio Negro region._________________________
Element Exchangeable
.... ...V.
Fe-Mn oxides Organic Residual
Copper 3% 22% 8% 67%
Lead 0% 27% 3% 70%
Zinc 10% 7% 7% 76%
4.3.3.4 Inter-element correlation
As previously described in Section 4.2.3.4, the elemental levels in the sediment 
samples from General Roca, Rio Negro, were subjected to correlation analysis. The 
results of this are reported in Table 4.37. Whether the samples are considered as one 
group or in two separate groups, no significant relationships were observed.
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Table 4.37 Inter-element Product Moment Correlation Coefficients (r) for sediment levels in
the General Roca region. Those highlighted in red are significant at the 0.05 
probability level.________________________________________________________
All Boron Copper Zinc Arsenic Lead
n 10 10 10 10 10
Boron 1.000
Copper 0.282 1.000
Zinc 0.447 0.421 1.000
Arsenic 0.355 0.600 0.151 1.000
Lead -0.085 -0.162 -0.268 -0.427 1.000
River Boron Copper Zinc Arsenic Lead
n 6 6 6 6 6
Boron 1.000
Copper 0.493 1.000
Zinc 0.651 0.473 1.000
Arsenic 0.425 0.602 0.202 1.000
Lead -0.486 -0.396 -0.409 -0.496 1.000
Irrigation Boron Copper Zinc Arsenic Lead
n 4 4 4 4 4
Boron 1.000
Copper -0.305 1.000
Zinc 0.267 0.809 1.000
Arsenic -0.839 0.444 -0.158 1.000
Lead 0.749 0.372 0.742 -0.401 1.000
4.3.4 Summary
This part of the investigation has reported the environmental concentrations of boron 
and selected other elements of interest in water (river, irrigation and tap) and 
sediments from the General Roca, Rio Negro region. The samples were collected in 
2006 to act as a control site to the San Jose de Jachal area.
With the exception of site 7, the levels of boron, arsenic, calcium, magnesium, 
potassium and sodium were within typical literature ranges for all water types. Copper, 
selenium and zinc in river and irrigation water were also within normal limits. In tap 
water, selenium was not detected in any sample but measurable quantities of lead 
were found and at one location which exceeded the WHO maximum guideline. The 
concentration of copper and zinc in tap waters was considered typical. Some significant 
correlations were observed between the elements.
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With respect to the sediment samples, boron was found to be greater than literature 
values. However, the concentrations of arsenic, copper, lead and zinc were all typical. 
Additionally, no significant relationships were found between the five elements.
Geochemical fractionation found that the majority of elements were present in the 
residual portion of the sediments. Similar trends were observed between the General 
Roca and San Jose de Jachal samples for arsenic, copper and lead. With respect to 
boron, less exchangeable boron was found which could be a result of the lower total 
levels recorded in these samples. Also, with regards to zinc, less was determined in the 
Fe-Mn oxides fraction.
4.4 Statistical Com parison o f Environmental Levels in the San Juan  
and Rio Negro Regions
In order to determine if the two regions studied in this investigation are significantly 
different from each other, a series of statistical tests were performed. F-tests were 
used to compare the standard deviations of the two populations to establish if they 
significantly varied for each other. Then, based on this result, an appropriate t-test was 
applied to determine if the two regions significantly varied from each other (either 
assuming equal or unequal variances). The statistical methodology used is outlined in 
Appendix A and was carried out at the 0.05 probability level unless specified.
4.4.1 Water
The water samples collected from San Jose de Jachal, San Juan, and General Roca, Rio 
Negro, contained measurable levels of boron, arsenic, calcium, copper, lead, 
magnesium, potassium, selenium, sodium and zinc. In both data sets, not all of the 
samples contained detectable concentrations of these elements. Therefore, for 
statistical purposes, those elements were not considered comparable. This resulted in 
comparisons for boron, calcium, magnesium, potassium and sodium for river and 
irrigation water and also copper and zinc in drinking water. F-tests and t-tests were 
used in order to ascertain any significant differences. The results of these tests are 
summarised in Table 4.38, with the full calculations given in Appendix B.
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Table 4.38 Summary of statistical testing between water samples from San Jose de Jachal and 
__________ General Roca. Y=significant difference; N=not significant. P<0.05 unless stated.
Water River Irrigation Tap
Boron Y* Y* Y*
Calcium N Y* Y*
Copper - - Y
Magnesium N Y* Y*
Potassium Y* Y* Y*
Sodium N Y* Y*
Zinc - - N
*=<0.001 probability
In the majority of cases, a significant difference was found between the elemental 
levels recorded in the water samples from San Jose de Jachal and General Roca. This 
shows that the two areas are distinct and provides useful comparison information due 
to the lack of literature data available for these Argentinean environments, specifically 
with respect to boron levels.
4.4.2 Sediment
The sediments from both regions showed detectable levels of boron, arsenic, copper, 
lead and zinc in all samples and were therefore compared statistically through the use 
of F-tests and t-tests. The results of the significance testing are summarised in Table 
4.39.
Table 4.39 Summary of statistical testing between sediment samples from San Jose de Jachal 
___________and General Roca. Y=significant difference; N=not significant.______
Sediments Probability
Boron Y <0.05
Arsenic Y <0.001
Copper N <0.05
Lead Y <0.001
Zinc N <0.05
Boron, arsenic and lead concentrations were shown to be from statistically different 
populations, with boron and arsenic significantly higher in the San Jose de Jachal 
population compared to the General Roca group, whereas lead was higher in the 
General Roca group. The levels of copper and zinc were not significantly different.
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4.5 Chapter Sum m ary
This chapter has presented the results from the main environmental study conducted 
in 2006 in both San Jose de Jachal, San Juan and the control region of General Roca, 
Rio Negro. Samples of water (river, irrigation and tap) and river sediments were 
collected along the main river systems in these two areas. The results were presented 
by mapping of the concentrations in relation to the sample location which allowed 
identification of elemental trends. Additionally, agricultural soils were collected in San 
Jose de Jachal. Due to the number of results presented above, they are subsequently 
summarised.
The results of the water analysis showed the region of San Jose de Jachal had elevated 
levels of boron, arsenic and sodium when compared to the literature. Distinct trends 
were observed which, in general, paralleled the results of the pilot study in 2005 
(Chapter 3). The elemental levels reported for General Roca were within literature 
ranges and below recommended guidance limits. The two exceptions to this were site 
7, which showed localised enriched levels, and the concentration of lead in tap water 
(WHO recommended maximum 5 pg/l). The data for the two populations are 
summarised in Table 4.40. Additionally, several statistically significant inter-element 
relationships were found (Tables 4.17 and 4.34). A statistical comparison of the two 
regions was undertaken using F- and t-tests, finding that, in general, there is a 
significant difference between the two (Table 4.38).
The sediments were analysed for total elemental content, with the results presented in 
the same fashion as the water samples. Additionally, the samples were also subjected 
to a sequential extraction procedure in which a series of solvents fractionate the 
soluble components into four phases representing:
i) exchangeable and bound to carbonates;
ii) bound to iron-manganese oxides;
iii) bound to sulphate and organic matter; and
iv) residual/neutral.
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Table 4.40 Summary of the elements measured in water from San Juan and Rio Negro (values 
___________in mg/l unless stated).___________________________________________________
Element
San Jose de Jachal 
Mean Range n Mean
General Roca 
Range n
River
Boron 4.37 1.12-7.65 49 0.57 0.03 -  2.30 12
Arsenic* 62.5 28.1 -  106.0 49 7.6 3.5-11.1 8
Calcium 95.4 53.5 -  212.8 49 68.6 4.2 -  228.5 12
Copper* 3.4 1.9-4.8 33 8.9 3.9-18.3 6
Magnesium 23.5 7.9-41.9 49 17.0 1.9 -  56.4 12
Potassium 14.9 7.3-20.5 49 2.8 0.8-6.0 12
Selenium* 9.8 3.7-21.7 25 16.8 4.8 -  29.9 4
Sodium 219.2 124.1 -323.1 49 293.0 13.7 -  1220 12
Zinc* 6.9 2.5-37.3 49 6.2 2.8 -  12.4 6
Irrigation
Boron 4.83 0.95 -  6.42 19 0.25 0.03-0.51 11
Arsenic* 51.4 7.6 -  99.2 19 30.5 5.9-90.8 7
Calcium 90.4 7.0 -  119.7 19 21.8 4.0 -  41.8 11
Copper* 3.6 2.4-6.7 17 3.4 1.9 -  4.4 8
Magnesium 27.5 12.9-46.1 19 5.9 1.7-11.2 11
Potassium 15.3 5.7-23.3 19 1.9 0.8-3.5 11
Selenium* 5.6 4.1-7.9 11 7.2 7.2-7.3 2
Sodium 235.7 151.4-337.6 19 117.0 13.8 -  280.3 11
Zinc* 4.1 2.5 -16.4 19 11.3 4.3 -  29.3 5
Tap
Boron 3.61 0.89 -  5.37 12 0.03 0.02 -  0.06 9
Arsenic* 14.3 2.7 -  65.0 12 <2.0 - 0
Calcium 49.8 6.6 -  84.0 12 4.4 4.2 -  4.6 9
Copper* 3.9 3.2-4.9 11 30.9 2.1 -  58.8 9
Lead* <1.7 - 0 8.4 3.2 -  14.7 7
Magnesium 28.5 11.1-47.1 12 2.1 1.9-2.8 9
Potassium 8.8 5.1-13.1 12 1.1 0.8-2.6 9
Selenium* 6.2 3.7 -  8.0 12 <2.6 - 0
Sodium 262.1 167.1-332.5 12 17.6 16.6 -  18.6 9
Zinc* 6.6 3.8-12.6 11 36.4 4.5-173.1 9
*=pg/l; <=below detection limit.
The concentrations of boron, arsenic, copper, lead and zinc were reported in soils and 
sediments. The levels of boron present in both regions exceeded typical literature 
ranges for sediment (<20 mg/kg) and soils (2-100 mg/kg). Also, the quantity of 
arsenic in the sediments from San Jose de Jachal was above the worldwide average of 
10 mg/kg. These results are summarised in Table 4.41. Significant inter-element 
correlations were observed in sediments and soils in the San Jose de Jachal region 
(P<0.05, Tables 4.23 and 4.24) but not for the General Roca region (Table 4.37). 
Furthermore, significant water/sediment relationships were observed for boron and 
arsenic (P<0.05).
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Table 4.41 Summary of the elements measured in sediments and soils from San Juan and Rio 
___________Negro (mg/kg).________________________________________________________
San Jose de Jachal General Roca
Element Mean Range n Mean Range n
Sediments
Boron 104.3 25.2 -  458.9 23 61.2 34.3 -  92.7 10
Arsenic 25.4 6 .6-71.1 23 6.5 2 .1 -8 .5 10
Copper 21.1 6.2 -  50.3 23 15.6 5.4 -  27.3 10
Lead 15.5 9 .3-36.9 23 18.7 15.5 -  25.6 10
Zinc 74.8 34.5 -  145.4 23 53.2 14.0-100.1 10
Soils
Boron 133.6 69.1-416.5 14
Arsenic 13.4 4.5 -  32.2 14
Copper 22.0 12.8 -  54.4 14
Lead 14.8 10.9 -  27.5 14
Zinc 71.9 39.4 -  178.0 14
The sequential extraction of sediments and soils showed that the majority of elemental 
content was found in the residual fraction. The average results for the fractions are 
summarised in Table 4.42. In general, the sediment profiles were similar for both 
regions. With respect to soils, the elemental distribution was comparable to the 
sediment results, except for boron which showed a larger percentage (29%) in the 
exchangeable fraction.
Table 4.42 Summary of the sequential extraction results in sediments and soils from San Juan 
___________and Rio Negro._________________________________________________________
Element. Stepl: Exchangeable
Step2: Fe-Mn 
oxides
Step3: Organic/ 
sulphides Step4: Residual
San Jose de Jachal Sediments
Boron 11% 2% 33% 54%
Arsenic 11% 22% 1% 66%
Copper 5% 16% 9% 70%
Lead 0% 13% 3% 84%
Zinc 7% 21% 8% 63%
General Roca Sediments
Boron 8% 4% 26% 62%
Arsenic 3% 38% 1% 58%
Copper 3% 22% 8% 67%
Lead 0% 27% 3% 70%
Zinc 10% 7% 7% 76%
San Jose de Jachal Soils
Boron 29% 4% 36% 31%
Arsenic 13% 18% 2% 67%
Copper 3% 9% 14% 74%
Lead 0% 14% 3% 83%
Zinc 8% 31% 8% 54%
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In summary, this chapter has presented further data regarding the concentrations of 
boron in environmental media which has added to the marked deficit in the current 
literature. This work has also uniquely applied the BCR sequential extraction method to 
the fractionation of boron. Additionally, selected other elements of interest were also 
determined (namely arsenic, calcium, copper, lead, magnesium, potassium, selenium, 
sodium and zinc).
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Chapter Five
Results and Discussion
Boron Mobility in Grapevines and 
Wine Investigation
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5.1 Boron Mobility in Grapevines
5.1.1 Introduction
A collaboration was established with the Argentinean governmental organisation INTA 
(Institute Nacional de Tecnologia Agropecuaria) in the San Juan region to investigate 
the mobility of boron in grapevines. The region of San Jose de Jachal has an ideal 
climate for the cultivation of grapes for wine production. Argentina also has a growing 
export market for wine and the addition of increased agriculture within this region 
would boost the economic development. However, grapes are considered to be 
sensitive to the concentration of boron in irrigation water (Table 1.7), usually tolerating 
levels up to 1 mg/l but the concentrations typically found in the San Jose de Jachal 
region were between 3.5-6.3 mg/l (Table 4.2). Despite this, there is evidence to 
suggest that some plant species can adapt to high boron levels and cultivars from 
different localities can also exhibit differing tolerances (Banuelos et al., 1995; Brown 
and Shelp, 1997; Nable et al., 1997; Ryan et al., 1998; Banuelos et a/., 1999). Whilst 
Chapter 3 determined that boron measurements in plant samples were precarious, in 
this research study, the plant species were controlled, hence removing this variability. 
Additionally, soil and irrigation water were monitored. The resultant wines were also 
analysed and compared with an in-house prepared database due to the lack of 
literature information available for boron in wine.
Chardonnay and cabernet sauvignon are two popular grape varieties used for wine 
production. It is reported that chardonnay is moderately tolerant to boron levels 
whereas cabernet sauvignon is considered to be more sensitive (Babelis and Battistelia, 
2005). Previous work at INTA established cultivars of these grape types which were 
not significantly hindered by the levels of boron present in the environment and so 
were used to investigate the mobility of boron within the plant. There are two 
proposed methods of boron translocation within plants, depending on the presence of 
polyols (complex sugars such as sorbitol) in the phloem of the plant (Brown and Hu, 
1996). If no polyols are present, then transportation is passive and follows the 
movement of water through the plant. This results in accumulation in leaves due to the 
transpiration of water, with the highest boron concentrations found in the older parts 
of the plant. When polyols are present, boron can form complexes through mono- and 
di-ester bridges, allowing active transport throughout the system and the highest levels 
are found within young stems and fruits (Loomis and Durst, 1992; Brown and Hu, 
1996; Brown and Shelp, 1997; Bolanos eta!., 2004).
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Therefore an investigation was undertaken to establish the movement of boron in 
grapevines to determine if significant levels are found in the final grapes. The following 
sections describe the experimental methodology and the results of this study.
5.1.2 Experimental Details
Two grape varieties, namely chardonnay and cabernet sauvignon, were used in this 
investigation. The trial took place in San Jose de Jachal during 2005 and 2006. Each 
grape variety was planted in three rows and sampled on three occasions; November 
2005, January 2006 and April 2006. At the time of sampling, irrigation water and soil 
samples were collected along with the plant material, as described in Section 2.2. 
Different parts of the vine were taken, namely roots, shoots from the base, shoots 
from the middle, shoots from the apex and leaves. The samples were pre-treated in 
the laboratories at INTA San Juan; plant material was washed in deionised water and 
dried, and soils were dried and sieved to <2 mm. On arrival in the UK, the samples 
were dried again for 48 hours at 40°C to ensure complete removal of water. The 
samples were then prepared in accordance with Section 2.3 and analysed using a 
combination of analytical techniques described in Section 2.4, namely flame atomic 
absorption spectrometry (FAAS), atomic emission spectrometry (AES), inductively 
coupled plasma mass spectrometry (ICP-MS) and molecular spectroscopy (azomethine- 
H UV/Vis assay). The results are presented in the following sections.
5.1.3 Water
Samples of the water used for irrigation (n=2) were found to contain 3.7 mg/l boron, 
113 pg/l arsenic, 82.3 mg/l calcium, 12.2 mg/l magnesium, 17.0 mg/l potassium and 
194 mg/l sodium. The pH was determined to be 7.4. This is similar to the irrigation 
water results reported for site 12 in the San Jose de Jachal region, described 
previously in Section 4.2.2, which could be expected as this study was conducted close 
to that area.
5.1.4 Soil
The concentration of boron in the soil used to grow the grapevines is presented in 
Figure 5.1. The three rows for each variety were averaged for that particular collection 
period. The soils show an increasing trend over time indicating there is some boron 
accumulation within the soil matrix. Typical soil concentrations are 2-100 mg/kg Table 
1.4).
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Figure 5.1 Concentration of boron in soil used in the INTA trial (mg/kg).
5.1.5 Plant
The results for the plant material are presented graphically. The concentrations and 
trend were very similar for each of the three rows of grapevines and for each grape 
variety. Therefore only the data from the first row of chardonnay and cabernet 
sauvignon are shown below for brevity in Figures 5.2 and 5.3 respectively. The graphs 
for the other rows can be found in Appendix B. It must be noted that no samples for 
the leaves of the plants were received for the April 2006 collection period.
— Roots —• — Shoot Basal — Shoot  Middle — Shoot  Apex —* — Leaves
Chardonnay Row Number 1
Figure 5.2 The concentration of boron in chardonnay grapevines over time from the INTA trial
(pg/g)-
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November 05 January 06 April 06
Cabernet Sauvignon Row Number 1
Figure 5.3 The concentration of boron in cabernet sauvignon grapevines over time from the 
INTA trial (pg/g).
The two varieties of grape both show the same trend for the roots, shoots and leaves, 
with cabernet sauvignon containing higher boron levels than the chardonnay. The 
roots, basal shoots and middle shoots in both grape types are relatively constant 
throughout the sampling period, with an average boron concentration of 23 pg/g in 
both varieties. However, the shoots from the apex of the plants display a different 
trend. The first samples taken in November 2005 are notably different to the following 
samples collected in January and April 2006. For chardonnay, there is a decrease from 
93 pg/g in November to an average of 29 pg/g in January and April and for cabernet 
sauvignon from 113 pg/g in November to 40 pg/g in January to 26 pg/g in April. 
Contrastingly, the leaves of both varieties show an opposite trend. Between the two 
samples, taken in November and January, an increase is observed. For chardonnay, 
the boron leaf concentration increased from 264 pg/g to 944 pg/g and from 612 pg/g 
to 1441 pg/g in the cabernet sauvignon.
5.1.6 Grapes and Wine
The results of the grape juice analysis are presented in Table 5.1 below. The values 
show an appreciable amount of boron present in the juice. Moseman (1994) reported 
the concentration of boron in grapes to be 40 ppm (Table 1.8) but does not state 
whether this is the entire grape including skins or if it is a dry weight value. The work 
by Almeida and Vasconcelos (2003) reported the levels of boron in grape juice to be 
similar to those in the final wine produced from Portugal however the absolute 
concentrations were not quoted in the publication (interpretation of the graphs showed
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the boron levels ranged between approximately 3 and 6 mg/l for the final wine). The 
lack of literature data makes it difficult to determine if the grapes from San Jose de 
Jachal are above or below average but they do appear to be between the two values 
quoted above.
Table 5.1 Concentration of boron in grape juice from the San Jose de Jachal region (mg/l).
SD=standard deviation.
n Mean SD
Chardonnay
Grape Juice 7 16.0 0.5
Wine 4 9.9 0.3
Cabernet Sauvignon
Grape Juice 5 25.7 1.0
Wine 3 14.9 0.4
With respect to the concentration of boron in wine, there is more literature data 
available than for grape juice. However, there are still very few sources which are 
summarised in Table 5.2 in Section 5.2.3. Therefore, a wine comparison database was 
established to determine if the levels in the samples from San Jose de Jachal were 
typical of other Argentinean wines and to other wine producing countries such as USA, 
Chile and Australia. This work was undertaken and the results are subsequently 
reported in Section 5.2 below. A statistical comparison of the boron levels found in 
these wines and those worldwide is also made.
The work reported by Almeida and Vasconcelos (2003) found no difference between 
the boron levels in grape juice and the final wine product. In this work, a reduction 
was observed in both varieties of 38% and 42% in chardonnay and cabernet 
sauvignon respectively. This could be attributed to different fermentation behaviours of 
the grapes or differences in the fermentation process itself which has been reported 
for other elements (Almeida and Vasconcelos, 2003; Castineira Gomez eta/., 2004a).
5.1.7 Discussion
This investigation has shown that boron is a mobile element in the environment and 
that its presence in soil and irrigation water results in uptake to the plant and 
eventually its occurrence in the final wine. The results of this study are summarised in 
Figure 5.4 and 5.5 for chardonnay and cabernet sauvignon respectively.
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3.7 mg/l
N o v Ja n A p r
264 944 -
Nov Jan A p r
Apex 93 .5 28.2 29.5
Mid 31.4 13.1 19.6
Base 22.3 10.9 17.9
Nov Jan A p r
Soil 38 .5 52.9 86.8
Roots 34.5 23.5 32.3
9.9 mg/l
Figure 5.4 Summary of the concentration of boron in the chardonnay samples from the INTA 
trial (mg/kg unless stated).
3.7 mg/l
N o v Ja n A p r
Apex 113.4 40 .5 25.5
Mid 34.3 20.4 16.5
Base 24.1 13.2 16.2
N o v Ja n A p r
Soil 41 .0 55.8 109.5
Roots 31.9 15.6 21.4
N ov Ja n A p r
612 1441 -
25.7 mg/l 14.9 mg/l
Figure 5.5 Summary of the concentration of boron in the cabernet sauvignon samples from 
the INTA trial (mg/kg unless stated).
The common trends observed between the two grape varieties would appear to 
suggest a combination of both passive and active transport of boron within the grape 
vines. Increasing levels were found within the leaves of the plants indicating that the 
boron is transported with the water flow and accumulates in the leaves due to the 
transpiration effects of water. It would also be expected to see the highest levels 
within the older leaves/stems, however this was not seen here -  the youngest parts, 
from the apex of the plant, were found to contain higher levels. This would indicate a 
form of active transport within the plant. Therefore, the method of translocation is still 
unclear as there is no dominating mechanism. This confirms reported literature which 
also states that there is a problem in identifying this.
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5.2 W ine Comparison Database
5.2.1 Introduction
The measurement of elemental levels in wine has recently gained credibility as a tool 
for establishing the geographical origin of wines (Almeida and Vasconcelos, 2003; 
Castineira Gomez et a!., 2004a; Coetzee and Vanhaecke, 2005; Iglesias et ai, 2007). 
The concentration of a combination of minor and trace elements forms a 'fingerprint' 
for that location or vineyard as the soil properties and processing conditions are 
strongly related to the final elemental content in wine (Almeida and Vasconcelos, 2003; 
Castineira Gomez et a!., 2004b; Catarino et a!., 2008). With the use of multivariate 
statistics, such as Principal Component Analysis, it is possible to distinguish between 
regions so as to confirm its source for certification of 'Denomination of Origin' (DO) 
wines, where particular grape varieties are cultivated in specific locations under 
controlled conditions (Hernandez et ai, 1997; Kaufmann, 1997; Taylor et at., 2003; 
Iglesias eta/., 2007).
As with the other matrices examined in this work, there is very little data in the 
literature regarding the boron content of wine. Section 5.2.3 summarises the available 
values, along with other elements of interest identified as important for classification 
purposes (Almeida and Vasconcelos, 2003; Castineira Gomez eta/., 2004a; Iglesias et 
a/., 2007). Therefore, in order to gain a better understanding of boron levels in wine, a 
range of commercial wines were acquired to build a database for comparison to the 
wines described in Section 5.1.6.
5.2.2 Wine Analysis
The samples were collected as described in Section 2.2.4 and prepared according to 
Section 2.3.4.I. Two types of wine were investigated in this work, namely chardonnay 
(CH) and cabernet sauvignon (CS). The samples from San Jose de Jachal (CH n=4; CS 
n=3) were compared to the 'control' database of commercial wines from Argentina and 
five other countries: Argentina (CH n=8), Australia (CH n=16; CS n=7), California (CH 
n=9; CS n=7), Chile (CH n=6; CS n=8), New Zealand (CH n=3) and South Africa (CH 
n=4; CS n=l).
The diluted wine samples were then analysed by ICP-MS for the following elements: 
arsenic, barium, boron, cadmium, copper, lead, lithium, manganese, rubidium,
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selenium, strontium and zinc; these were chosen based on the work of Almeida and 
Vasconcelos (2003), Castineira Gomez et al. (2004a) and Iglesias et at. (2007), as 
being important for the geographical identification of wine origin. However, several of 
these elements were found to be below the detection limit of ICP-MS in all samples, 
namely, arsenic (2.0 pg/l), cadmium (0.4 pg/l) and selenium (2.6 pg/l) (Table 2.14). 
Calcium and magnesium were also quantified using FAAS, as described in Section
2.4.1. All calibration standards were matrix-matched by the addition of ethanol to the 
1% HN03 diluent.
The data obtained were processed and the descriptive statistics were calculated in 
accordance with the methodology described in Appendix A. The mean and standard 
deviation for the two wine types from the different geographical regions were then 
plotted on a bar graph; the full descriptive statistics are reported in Appendix C for 
brevity in the main text. The two wine types, namely chardonnay (CH) and cabernet 
sauvignon (CS), were treated separately and each region within each wine type were 
compared with the Argentinean Sample (San Jose de Jachal) data set through the use 
of F-tests and two-tailed t-tests. The exception to this is with the cabernet sauvignon 
group where only one sample was analysed from the South African location and single 
values cannot be tested in this way. The schematic in Appendix A, Figure A2.1, 
summarises the statistical methodology applied in this work. The results of these tests 
are reported in Appendix C for conciseness in this chapter.
Regression analysis using Pearson's Product Moment Correlation Coefficient was also 
performed to determine any inter-elemental interactions. The significance of each 
correlation was evaluated using t-tests which are described in Appendix A.
Additionally, multivariate statistics were applied to this work to test the feasibility of 
using trace element data for geographical origin identification. This was performed 
using the installed algorithms of Minitab® Version 14 (Minitab Inc.) and is described 
further in Section 5.2.16.
Unless otherwise stated, all significance testing was performed at the 95% confidence 
interval (probability of less than 0.05) which is most appropriate for statistical testing 
of laboratory measurements (Miller and Miller, 2000).
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5.2.3 Reference Ranges
For the elements detected in the wines analysed, namely barium, boron, calcium, 
copper, lead, lithium, magnesium, manganese, rubidium, strontium and zinc, a brief 
literature review of the reported concentrations in wine is presented in Table 5.2.
Table 5.2 Summary of reported elemental concentrations in wine (mg/l unless stated, *=pg/l)
Element Country Variety Mean
(mg/l)
Range
(mg/l)
Reference
Barium* Canada White 127.5 (Taylor etal., 2003)
Germany White “ 98-139 (Castineira Gomez etal., 
2004b)
South
Africa
White
Red
“ 85.9-192
105-338
(Coetzee etal., 2005)
_ WhiteRed
89
79
(Catarino etal., 2006)
Spain Red - 65.5-263.8 (Iglesias etal., 2007)
Boron Finland - 8.5 - (Nielsen etal., 1988)
Canary
Islands
Red 4.1# 1.4-7.5# (Hernandez etal., 1997)
- - 10 - (Richoid, 1998)
Germany White 4.3 3.2-7.1 (Castineira Gomez etal., 
2004a)
Germany White “ 3.29-4.6 (Castineira Gomez etal., 
2004b)
South
Africa
White
Red
1.95-3.10
3.49-3.99
(Coetzee etal., 2005)
USA - 3.64 - (Hunt, 2006)
Calcium Canada White 83 - (Taylor etal., 2003)
Germany White 107 58-431 (Castineira Gomez etal., 
2004a)
Germany White 139-144 (Castineira Gomez etal., 
2004b)
South
Africa
White
Red
“ 41.6-4 7.7 
57.1-63.0
(Coetzee etal., 2005)
Spain Red - 48.82-160.97 (Iglesias etal., 2007)
Copper* Canada White 94 - (Taylor etal., 2003)
Germany White " 17.9-37 (Castineira Gomez etal., 
2004b)
South
Africa
White
Red
“ 178-600
246-509
(Coetzee etal., 2005)
- White
Red
49
237
- (Catarino etal., 2006)
Lead* Canada White 73.3 - (Taylor etal., 2003)
Germany White 21.9 3-230 (Castineira Gomez etal., 
2004a)
Germany White 22.9-29.3 (Castineira Gomez etal., 
2004b)
South
Africa
White
Red
“ 16.3-22.6
6.26-9.68
(Coetzee etal., 2005)
“ White
Red
14.43
19.2
“ (Catarino etal., 2006)
Spain Red - 4.64-60.32 (Iglesias et a!., 2007)
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Table 5.2 continued
Element Country Variety Mean
(mg/l)
Range
(mg/l)
Reference
Lithium* Canada White 7.03 (Taylor eta/., 2003)
Germany White 14.1 1.5-150 (Castineira Gomez eta/., 
2004a)
Germany White “ 14.6-15.6 (Castineira Gomez eta/., 
2004b)
. South White - 2.02-16.5 (Coetzee eta/., 2005)
Africa Red 1.04-10.2
Magnesium Canada White 58 - (Taylor eta/., 2003)
Germany White 77.3 61-137 (Castineira Gomez eta/., 
2004a)
South
Africa
White
Red
“ 126-205
228-300
(Coetzee eta/., 2005)
Spain Red - 71.19-153.28 (Iglesias eta/., 2007)
Manganese Germany White 1.0 0.1-2.1 (Castineira Gomez eta/., 
2004a)
Germany White
'
1.7-2.0 (Castineira Gomez eta/., 
2004b)
South
Africa
White
Red
” 0.664-1.389
1.493-2.271
(Coetzee eta/., 2005)
" White
Red
1.036
0.879
“ (Catarino eta/., 2006)
Spain Red - 0.64-4.00 (Iglesias eta/., 2007)
Rubidium* Germany White 388 160-970 (Castineira Gomez eta/., 
2004a)
Germany White 160-171 (Castineira Gomez eta/., 
2004b)
Canada White 563 - (Taylor eta/., 2003)
South
Africa
White
Red
- 449-2285
655-4590
(Coetzee eta/., 2005)
White
Red
453
674
- (Catarino eta/., 2006)
Strontium* Canada White 593 - (Taylor eta/., 2003)
Germany White 378 170-900 (Castineira Gomez et ah, 
2004a)
Germany White “ 338-416 (Castineira Gomez eta/., 
2004b)
South
Africa
White
Red
400-627
659-1392
(Coetzee eta/., 2005)
- White
Red
243
326
- (Catarino eta/., 2006)
Spain Red - 220-1050 (Iglesias eta/., 2007)
Zinc Canada White 625 - (Taylor eta/., 2003)
Germany White 0.9 0.01-3.8 (Castineira Gomez eta/., 
2004a)
South
Africa
White
Red
White
Red
661
1.21-2.31
0.899-1.563
(Coetzee et a/., 2005) 
(Catarino eta/., 2006)
Spain Red - 0.11-1.59 (Iglesias eta/., 2007)
*=pg/l; #=levels were reported as boric acid, so an interpretation of the boron content was 
made based B=17.5% in boric acid
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Elemental levels in wine are regulated in several countries. For example, in Germany, 
the maximum allowable limits of some metals are: 0.1 mg/l arsenic, 80 mg/l boric acid 
(14 mg/l as boron), 2 mg/l copper, 0.01 mg/l cadmium, 0.25 mg/l lead and 5 mg/l zinc 
(Castineira Gomez eta/., 2004b). In Spain, boron is permissible up to 100 mg/l as boric 
acid (17.5 mg/l B) (Hernandez eta/., 1997).
5.2.4 Boron
The results for boron in the wine samples are presented in Figure 5.6. No statistical 
outliers were found with the Grubb's test. The different locations for the control groups 
(Argentina, Australia, California, Chile, New Zealand and South Africa) were then 
compared to the San Jose de Jachal (SSJ) data using F- and t-tests and are presented 
in Appendix C.
■ Argentina SSJ ■ Argentina Control □  Australa □ Caifomia ■ Chle ■ New Zealand ■  South Africa
C h a rd o n n a y  C a b e rn e t  S a u v ig n o n
Figure 5.6 Concentration of boron in wine; mean ± standard deviation (mg/l); SSJ=San Jose 
de Jachal.
The concentrations determined in this work were, in the majority of cases, greater 
than those previously reported in the literature (Table 5.2). Some of the samples also 
exceed the regulatory limit in Germany of 14 mg/l (quoted as 80 mg/l boric acid). 
However, this work only looked at total boron and in the case of wines, boron may not 
be present as free boric acid as it may form complexes through mono- or di-ester 
linkages to compounds found in wine, such as polyphenols (Loomis and Durst, 1992).
For chardonnay, the t-test results show that no significant differences were observed 
between Argentina SSJ and either California, Chile, New Zealand or South Africa at the
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95% confidence interval. Only the chardonnays from Argentina and Australia showed a 
significant difference to the SSJ samples, both of which having higher concentrations 
of boron. With respect to cabernet sauvignon, Australia and Chile were not significantly 
different to Argentina SSJ but Californian wines were. In this case, the Californian 
cabernet sauvignons had higher levels than the Argentinean wines.
Overall, these results show that the boron content in wine produced in San Jose de 
Jachal is generally not different to other commercially available wines. Therefore, the 
impact of growing grapes in regions with high boron levels does not detrimentally 
increase the content in the final wine. This has considerable implications for economic 
development in the San Jose de Jachal region. It has also provided much needed data 
with respect to the boron content of wine.
5.2.5 Barium
The results for barium in Figure 5.7 are presented with the removal of an outlier 
(217.3 pg/l) from the Australia CS data set as determined by a Grubb's test (Gcaic 2.421 
n=8, Gait 2.032). The concentrations of barium determined in this work agree well with 
the literature ranges reported in Table 5.2.
Figure 5.7 Concentration of barium in wine; mean ± standard deviation (pg/l); SSJ=San Jose 
de Jachal.
With respect to chardonnay, the results of the t-tests showed no significant differences 
between the Argentinean samples from San Jose de Jachal and those from Argentina 
and New Zealand. The tcaic values calculated between Argentina SSJ and Australia,
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California, Chile and South Africa, showed that the barium content in Argentina SSJ 
wines were significantly lower. In the case of cabernet sauvignon, significant 
differences were observed between all locations tested, showing that the barium 
concentration in Argentinean SSJ wines was also significantly lower.
5.2.6 Calcium
The concentration of calcium in the wine samples is presented in Figure 5.8. No 
statistical outliers were found by means of a Grubb's test. The content for all of the 
chardonnays was lower than the cabernet sauvignon samples and lower than 
previously reported ranges (Table 5.2), whereas the CS samples were in good 
agreement with literature data.
Figure 5.8 Concentration of calcium in wine; mean ± standard deviation (mg/l); SSJ=San Jose 
de Jachal.
The results of the significance testing found no statistical difference between the 
samples of chardonnays from San Jose de Jachal and those from Australia, California, 
Chile and New Zealand. The cabernet sauvignon samples did show statistical 
differences between Argentina SSJ and both Australia and Chile, where the content of 
calcium in Argentinean wines was lower in both cases. The Californian cabernet 
sauvignon samples were not statistically different.
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5.2.7 Copper
The results for copper are presented in Figure 5.9 and are shown with the removal of 
an outlier (449.1 pg/l) from the Australian CH data set as determined by a Grubb's test 
(Gcaic 3.200 n=17, Gcrit 2.475).
Figure 5.9 Concentration of copper in wine; mean ± standard deviation (pg/l); SSJ=San Jose 
de Jachal.
The copper content for the Argentinean cabernet sauvignon samples was drastically 
different to all of the other samples measured. The reported ranges in Table 5.2 quote 
a maximum level of 600 pg/l. Metal content in wines is often influenced by the 
manufacturing process but copper has been previously shown to decrease through the 
production stages (Castineira Gomez et at., 2004b). The concentration observed in 
these samples is unusual which was confirmed as statistically different by t-tests with 
the other cabernet sauvignon wines examined. At this level, the German regulatory 
limit of 2 mg/l would exceed (Castineira Gomez et a!., 2004a). With respect to 
chardonnay, a statistical difference was seen between the San Jose de Jachal samples 
and those wines from Argentina, Australia, California and South Africa, where the SSJ 
samples were significantly lower.
5.2.8 Lead
The results for lead are presented in Figure 5.10 after the removal of two outliers from 
the chardonnay Argentina Control data set as determined by a Grubb's test; the details 
of which are provided in Table 5.3. Also, twenty nine of the samples were below the 
detection limit of the method (5.1 pg/l).
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Table 5.3 Summary of Grubb's outlier testing for lead in the Argentina SSJ chardonnay group.
Concentration (pg/l) n G ca lc G a i t Reject?
6.3 6 0.579 1.822 N
218.2 6 1.897 1.822 Y
86.7 5 1.788 1.672 Y
8.8 4 1.034 1.463 N
Argentina SSJ ■ Argentina Control □ AustraSa □ Caifomia ■ Chie ■ New Zeabnd ■ South Africa 
40
  468 ± 34
35
30
S  25 £> 
a.
I  20
15 
10 
5 
0
C h a rd o n n a y C a b e rn e t S a u v ig n o n
Figure 5.10 Concentration of lead in wine; mean ± standard deviation (pg/l); SSJ=San Jose 
de Jachal.
The concentration of lead in wine is expected to be low; however, Castineira Gomez et 
al. (2004b) reported that there can be up to an 80% increase in lead levels during the 
wine making process caused by the corrosion of metals or alloys. The work was 
performed on German wines where strict regulations are in force to monitor the 
metallic content of the finished wine. These regulations stipulate a maximum allowable 
lead content of 0.25 mg/l and with the exception of the Argentinean cabernet 
sauvignon, the samples analysed in this work were below this value. However, in a 
similar fashion to the trend observed with the copper content in Section 5.2.7, this 
value was extremely different to the other samples and to literature ranges (Table 
5.2), which was confirmed statistically through t-tests. The cause of this irregularly 
high concentration should be investigated further. With respect to the chardonnays, no 
statistical differences were observed between the different countries.
5.2.9 Lithium
Twenty specimens were found to be below the detection limit (2.1 pg/l). One sample 
from the Chilean cabernet sauvignon group was rejected as an outlier (Gcaic 1.778 n=5, 
Gent 1.672). The results for the remaining samples are shown in Figure 5.11.
162
Chapter Five -  Results and Discussion
In general, the concentrations observed were within the literature ranges quoted in 
Table 5.2, with the exception of the Argentinean Controls and Chilean chardonnays 
which also showed large standard deviations. The Argentinean Control wines showed 
substantial variation due to a large spread of concentrations, ranging from 10.8 pg/l to 
888 pg/l. In the Chilean group, three of the samples were found to be below the 
detection, where as the remaining three samples had lithium contents of 121.7, 221.9 
and 451.1 pg/l, leading to the large standard deviation observed in Figure 5.12.
■ Argentina SSJ ■ Argentina Control □  Australa □ Caffomia ■ Chle ■ New Zeabnd ■ South Africa
600 t -------------- -------------------------------------------------------------------------------  -----------
500 - 
^  400 -
C h a rd o n n a y  C a b e rn e t S a u v ig n o n
Figure 5.11 Concentration of lithium in wine; mean ± standard deviation (pg/l); SSJ=San Jose 
de Jachal.
With respect to the statistical tests, significant differences where found between 
Argentina SSJ chardonnay and the other countries except Chile, whilst the Argentina 
SSJ cabernet sauvignon wines were statistically higher than Australian and Californian 
wines. Only one of the Chilean cabernet sauvignon samples had detectable levels of 
lithium and so could not be compared statistically. These results show that the lithium 
content in wine is highly variable even within the same country. Therefore, it could be 
concluded that lithium is not particularly useful for the geographical finger-printing of 
wine.
5.2.10 Magnesium
The concentrations of magnesium in wine are presented in Figure 5.12 with one value 
determined to be an outlier (136.4 mg/l) from the California CS data set (Gcaic 2.121, 
n=7, 1.938).
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Figure 5.12 Concentration of magnesium in wine; mean ± standard deviation (mg/l); SSJ=San 
Jose de Jachal.
The levels of magnesium found in the wine samples were within the literature ranges 
quoted in Table 5.2 for both varieties. The statistical analysis showed differences 
between the Argentina SSJ chardonnays and those from Argentina, Australia, California 
and South Africa. With reference to the cabernet sauvignon wines, statistical 
differences were observed between Argentina SSJ and Australia and Chile.
5.2.11 Manganese
The results obtained for manganese in the wine samples were found to contain two 
statistical outliers by means of a Grubb's test, the results of which are summarised in 
Table 5.4. The concentrations with the outliers removed are shown in Figure 5.13.
Table 5.4 Summary of Grubb's outlier testing for manganese in wine
Group Concentration (mg/l) n G ca lc G c r it Reject?
Australia CH 0.93 17 1.111 2.475 N
Australia CH 3.63 17 3.393 2.475 Y
Australia CH 1.98 16 1.706 2.443 N
Australia CS 0.89 8 1.072 2.032 N
Australia CS 2.78 8 2.339 2.032 Y
Australia CS 1.46 7 0.826 1.938 N
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Figure 5.13 Concentration of manganese in wine; mean ± standard deviation (mg/l); SSJ=San 
Jose de Jachal.
The concentrations of manganese in wine measured in this work were found to be 
within the typical ranges quoted in the literature (Table 5.2). The results of the 
statistical analysis showed that significant differences were observed between the 
chardonnay from Argentina SSJ and those from Australia, California and South Africa. 
On the other hand, no differences were seen between the countries in the cabernet 
sauvignon sample population.
5.2.12 Rubidium
The concentrations obtained for rubidium in wine were subjected to Grubb's outlier 
tests and three values from the Australian chardonnay group were rejected. The 
results from these tests are given in Table 5.5. Consequently, the data was plotted 
with these values removed and are presented in Figure 5.14.
Table 5.5 Summary of Grubb's outlier testing for rubidium in wine
Group Concentration (mg/l) n G ca lc G c r it Reject?
Australia CH 0.25 17 0.883 2.475 N
Australia CH 1.45 17 3.181 2.475 Y
Australia CH 0.94 16 2.747 2.443 Y
Australia CH 0.75 15 2.63 2.409 Y
Australia CH 0.55 14 1.736 2.371 N
165
Chapter Five -  Results and Discussion
■  Argentina SSJ B  Argentha Control □  Austraia □ Caifomia B Chile f l  New Zealand B  South Africa
C h a r d o n n a y  C a b e r n e t  S a u v ig n o n
Figure 5.14 Concentration of rubidium in wine; mean ± standard deviation (mg/l); SSJ=San 
Jose de Jachal.
The concentrations determined here are within the ranges reported in Table 5.2. 
However, the mean levels of rubidium in the chardonnay wine samples from Chile, 
New Zealand and South Africa were found to have very large standard deviations, 
which can be seen in Figure 5.14. A closer inspection of the original data revealed that 
in these populations two distinct sub-groups were found; one with a mean 
concentration of <0.5 mg/l and a second group with a mean of >1 mg/l. This effect is 
shown in Table 5.6. No explanation can be offered for this observation and was not 
found in the cabernet sauvignon population.
Table 5.6 Fractionation of rubidium levels in chardonnay from Chile, New Zealand and South
Africa (mq/l). SD=standard deviation.
Country n
All
Mean ± SD n
Group 1 
Mean ± SD n
Group 2 
Mean ± SD
Chile 6 1.98 ± 1.92 3 0.36 ± 0.03 3 3.60 ± 1.13
New Zealand 3 2.22 ± 1.63 1 0.35 2 3.15 ± 0.26
South Africa 4 1.34 ± 1.26 2 0.47 ± 0.11 2 2.22 ± 1.3
The results of the statistical tests showed that rubidium levels in the Argentina SSJ 
chardonnays are significantly different to Australian and Californian chardonnays but 
not between the Chilean, New Zealand and South African wines; presumably as a 
direct results of the large standard deviation caused by this fractionation effect 
discussed above. As no explanation can be found for this pattern within the groups, 
there is no basis for splitting the groups and re-testing. With respect to the levels
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found in cabernet sauvignon, the Argentinean SSJ samples were significantly lower 
than Californian and Chilean wines but not Australian.
5.2.13 Strontium
The results for strontium are presented in Figure 5.15 with the removal of an outlier 
(3.30 mg/l) from the Australia CS data set, as determined by a Grubb's test (Gcaic 2.232 
n=8, GCrit 2.032).
Figure 5.15 Concentration of strontium in wine; mean ± standard deviation (mg/l); SSJ=San 
Jose de Jachal.
The concentrations of strontium in wines are generally at the maximum or exceeded 
the reported ranges given in Table 5.2. Approximately 40% of the data points are 
above 1.4 mg/l which is the highest value found in this literature review. As was shown 
with the levels of rubidium in chardonnays from Chile and New Zealand, larger error 
bars were again observed. Closer inspection of the data also showed fractionation of 
the strontium concentrations into to two distinct groups which followed the inverse 
pattern to that seen in the rubidium groups. Table 5.7 displays this effect; the 
groupings are the same as for rubidium. No rationalisation can be offered for this 
effect.
Table 5.7 Fractionation of strontium levels in chardonnay from Chile and New Zealand (mg/l).
SD=standard deviation
Country
n
All
Mean ± SD n
Group 1 
Mean ±SD n
Group 2 
Mean ± SD
Chile 6 1.05 ± 0.50 3 1.52 ± 0.43 3 0.59 ± 0.18
New Zealand 3 0.93 ± 0.50 1 1.51 2 0.64 ± 0.20
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Significance testing showed that Argentinean SSJ chardonnay wines are statistically 
higher than those from Argentina and Australia. With the cabernet sauvignon wines, a 
significant difference (lower) was only seen between Argentina SSJ and Chile.
5.2.14 Zinc
The distribution of zinc in the wine samples is shown in Figure 5.16. No statistical 
outliers were found by means of Grubb's analysis.
Figure 5.16 Concentration of zinc in wine; mean ± standard deviation (mg/l); SSJ=San Jose 
de Jachal.
The distribution of zinc concentrations are within the ranges described in Table 5.2 and 
are also below the German regulatory specification of 5 mg/l (Castineira Gomez et al., 
2004a). Statistical differences were observed between Argentina SSJ and all groups 
except Chilean chardonnays. Also, significant differences were observed between 
cabernet sauvignon wines from Argentina SSJ and those from Australia, California and 
Chile.
5.2.15 Inter-Element Correlations
As previously described in Section 4.2.2.9, correlation analysis was undertaken to 
determine any inter-element relationships. The results are shown in Tables 5.8 and 5.9 
for chardonnay and cabernet sauvignon respectively, with significant relationships 
highlighted in red.
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Table 5.8 Inter-element Product Moment Correlation Coefficients (r) for chardonnay wine.
Those highlighted in red are significant at the 0.05 probability level.
B Ba Ca Cu Pb Li Mg Mn Rb Sr Zn
n 51 51 50 50 36 45 50 50 48 51 51
B 1.000
Ba -0.332 1.000
Ca -0.074 0.141 1.000
Cu 0.285 0.003 -0.184 1.000
Pb -0.340 0.339 -0.023 -0.427 1.000
Li 0.652 -0.434 -0.101 0.064 -0.179 1.000
Mg -0.101 0.382 0.059 0.126 -0.019 -0.318 1.000
Mn -0.149 0.350 0.018 0.151 0.008 -0.514 0.153 1.000
Rb -0.556 0.612 0.208 -0.178 0.250 -0.195 0.117 -0.217 1.000
Sr 0.515 -0.120 -0.122 0.432 -0.364 0.134 0.146 0.155 -0.628 1.000
Zn 0.078 0.404 -0.103 0.204 -0.131 -0.221 0.496 0.411 0.050 0.194 1.000
Table 5.9 Inter-element Product Moment Correlation Coefficients (r) for cabernet sauvignon 
wine. Those highlighted in red are significant at the 0.05 probability level.
B Ba Ca Cu Pb Li Mg Mn Rb Sr Zn
n 27 26 27 27 11 12 26 26 27 26 27
B 1.000
Ba 0.474 1.000
Ca -0.385 -0.366 1.000
Cu -0.041 -0.376 -0.336 1.000
Pb 0.245 -0.491 -0.554 0.999 1.000
Li -0.043 -0.583 -0.413 0.973 0.972 1.000
Mg 0.208 -0.082 0.479 -0.475 -0.589 -0.551 1.000
Mn 0.003 0.052 0.121 -0.178 -0.777 -0.495 0.296 1.000
Rb -0.145 0.149 0.068 -0.353 -0.504 -0.381 -0.122 -0.228 1.000
Sr 0.158 0.170 -0.263 0.382 0.502 0.192 -0.046 0.074 ■-0.649 1.000
Zn 0.047 -0.329 -0.514 0.827 0.964 0.932 -0.328 0.161 •-0.421 0.405 1.000
Several significant relationships were found in both wine varieties. Between the two, 
the following relationships were common: Li-Ba, Li-Mg, Li-Mn, Li-Rb and Rb-Ba; all of 
which were negatively correlated.
5.2.16 Multivariate Statistics
The use of chemometrics has drastically increased in analytical chemistry in recent 
years and presents some interesting applications. One of which, discussed in Section
5.2.1, is the use of multivariate statistics to predict the geographical origin of wines 
(Hernandez et at., 1997; Kaufmann, 1997; Taylor et at., 2003; Iglesias et a!., 2007) 
(Almeida and Vasconcelos, 2003; Garcia-Ruiz et a/., 2007; Pellerano et at., 2008; 
Serapinas eta/., 2008). There are several statistical methods available to do this, such 
as principal component analysis, linear discriminant analysis and cluster analysis, all of 
which having their own advantages and disadvantages (Miller and Miller, 2000).
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The use of principal component analysis has recently risen in popularity, particularly 
with respect to pattern recognition for geographical studies. However, it is limited by 
the fact that it is not optimised for class separability. In this situation, it is more 
appropriate to use linear discriminant analysis which is better suited for modelling and 
class prediction.
Minitab® (Minitab Inc.) was used to calculate the linear discriminant function which 
also provided an evaluation of the prediction efficiency. This was performed for both 
wine varieties using the elemental results for boron, barium, calcium, copper, 
magnesium, manganese, rubidium, strontium and zinc, grouped according to their 
country of origin (the Argentinean control and San Jose de Jachal samples were 
treated separately as, for the majority of elements, statistical differences were 
observed between these two groups). Lead and lithium were omitted from this 
procedure, as a number of samples were below the detection limit and in the case of 
lithium, large variations were observed within each group (Section 5.2.9).
Once the model has been calculated, it needs to be validated and several approaches 
can be taken. Firstly, more data could be collected and the new values inserted into 
the function to obtain a group prediction. Secondly, if the data set contains a large 
number of samples, randomly select and remove 10-20% of the samples before 
calculating the model then use these as a test data set. Or finally, use the 'remove one 
and repeat' technique where the model is determined then a single sample is removed 
and the model is recalculated. The removed sample is used to test the classification 
and should be repeated until all samples have been assessed in this manner. In this 
work, it was not possible to acquire new data and the size of the two populations did 
not allow the second validation approach to be taken, so the stepwise sample removal 
method was undertaken.
The results of the linear discriminant analysis prediction accuracy for both wine 
varieties are given in Table 5.10. The linear discriminant function for the groups is 
given in Appendix C. The Minitab® software provides an initial approximation of the 
prediction accuracy which is based on the data used to calculate the model. This 
usually results in an over-estimate of the accuracy and hence the need for validation.
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Table 5.10 Summary of linear discriminant analysis classification accuracy for both wine 
varieties.
n % correctly classified (initial)
% correctly classified 
(validation)
Chardonnay 47 80.9 55.3
Cabernet Sauvignon 23 100 82.6
These results demonstrate the potential for this statistical technique. The cabernet 
sauvignon data set had the best prediction accuracy both before and after validation. 
This is likely to be due to the smaller data set size and only contained four groups 
(Argentina, Australia, California and Chile) whereas the chardonnay samples had seven 
groups (Argentina Sample, Argentina Control, Australia, California, Chile, New Zealand 
and South Africa). If further samples were added to the four groups of cabernet 
sauvignon wines, the proportion correct identification would increase. The chardonnay 
model was not as well fitting as even the initial classification resulted in a relatively 
poor fit, as was shown after validation.
5.2.17 Summary
The section has dealt with the multi-elemental analysis of two varieties of wine 
produced in the San Jose de Jachal region and compared it to wines from other major 
wine-producing countries from around the world. Boron was the main focus of this 
comparison database as a very small amount of literature data exists for its content in 
wine but is considered to be a major contributor to the human dietary intake of boron 
(Hunt and Meacham, 2001; Institute of Medicine, 2001; Hunt, 2006). This study has 
provided further, and much needed, information regarding the boron content of wines. 
It has also shown that wines grown in the study region of San Jose de Jachal are 
generally similar to those from other countries.
Additionally, the multi-element capabilities of ICP-MS have allowed the collection of 
further data for other elements of interest, namely barium, copper, lead, lithium, 
manganese, rubidium, strontium and zinc. Calcium and magnesium were determined 
by FAAS. As well as expanding the database of elemental levels in wine reported in 
Table 5.2, this work has allowed statistical comparisons between different wine- 
producing regions. The results of these comparisons are summarised in Tables 5.11 
and 5.12 for chardonnay and cabernet sauvignon respectively.
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Table 5.11 Summary of t-test results for chardonnay, comparing differences between 
Argentina SSJ samples and other wine producing countries. Y=yes, significant 
____________ difference; N=no significant difference; at the 0.05 probability level.___________
n ARS vs. ARC
ARS V S . 
AU
------- — i
ARS vs. 
CA
ARS V S. 
CL
ARS vs. 
NZ
ARS vs. 
SA
B 51 Y Y W N N N
Ba 51 N Y Y Y N Y
Ca 50 Y N PJ N N Y
Cu 50 Y Y Y N N Y
Pb 36 N N N N N N
Li 45 Y Y Y N Y Y
Mg 50 Y Y Y N N Y
Mn 50 N Y Y N N Y
Rb 48 N Y Y N N N
Sr 51 Y Y N N W W
Zn 51 Y Y Y N Y Y
ARS=Argentina San Jose de Jachal; ARC=Argentina Controls; AU=Australia; CA=California; 
CL=Chile; NZ=New Zealand; and SA=South Africa.
Table 5.12 Summary of t-test results for cabernet sauvignon, comparing differences between 
Argentina SSJ samples and other wine producing countries. Y=yes a significant 
___________difference, N=no significant difference, at the 0.05 probability level.___________
n ARS vs. AU ARS vs. CA ARS vs. CL
B 27 M Y N
Ba 26 Y Y Y
Ca 27 Y N Y
Cu 27 Y Y Y
Pb 11 Y Y Y
Li 12 Y Y nd
Mg 26 Y N Y
Mn 26 W N W
Rb 27 W Y Y
Sr 26 N N Y
Zn 27 Y Y Y
ARS=Argentina San Jose de Jachal; AU=Australia; CA=California; and CL=Chile, nd=not done.
5.3 Chapter Summ ary
This chapter has reported the results of an investigation into the mobility of boron 
within a plant system, namely grapevines. The mechanism of boron transport in plants 
is still unclear but is thought to involve one of two methods either active or passive, 
dependant on the presence of complex sugars (polyols such as sorbitol). The 
movement of boron was monitored by measuring the content in irrigation water, soil 
and various parts of the plant, namely roots, three sections of shoots and leaves of 
chardonnay and cabernet sauvignon varieties. Grapes and wine were also tested. The 
results showed that boron is a mobile element in the environment but its mode of
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transport appears to be a combination of both active and passive. The levels in the 
leaves increased over time indicating water transport (i.e. passive movement) and it 
would be predicted that the highest levels in the shoots would be present in the older 
stems yet this was not observed; the apex shoots contained the highest levels. 
Consequently no clear mechanism was found which also confirms previously reported 
literature.
Boron was also found in the grape juice and final wine. The distinct lack of data 
available for grapes makes interpretation of the levels found difficult but they are 
within the two approximate values found in the literature, 3-6 to 40 ppm. The lack of 
literature information regarding the boron content in wines led to a comparison with a 
selection of control wines from around the world to increase the knowledge in this 
area. It was found that the boron levels in both varieties, namely chardonnay and 
cabernet sauvignon, was, in general, not significantly different to the control wines. 
This shows that whilst the levels present in soils and irrigation water influence the 
grapevine's elemental levels, but that this doesn't adversely affect the content of the 
final wine. This is a significant result as this could allow the region to develop 
economically through the agriculture and production of grapes and wine. However, 
there does appear to be an issue with contamination of some metals (copper and lead) 
from the production process which needs to be resolved.
This work has also shown the possibility of using a statistical approach to classify and 
identify the country of origin of wines based on their elemental content. The technique 
employed was linear discriminant analysis which applies a linear function to link the 
variables to each other. This function can then be used to make predictions based on 
new information (i.e. new unknown samples). This technique appeared to work well 
for the cabernet sauvignon wines (>80% accuracy) with four country groups. However 
it did not work so well for the chardonnay wines, potentially due to the larger number 
of groups (seven) with fewer samples in some of the groups. Yet this has 
demonstrated the applicability of multivariate statistics in analytical chemistry.
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Chapter Six 
Results and Discussion 
Human Tissue Analysis
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6.1 Introduction
This chapter describes the results from the analysis of human scalp hair collected from 
the two study populations in Argentina, namely San Jose de Jachal, San Juan and 
General Roca, Rio Negro. The samples were collected and prepared as described in 
Chapter 2 and subsequently analysed by inductively coupled plasma mass 
spectrometry, atomic absorption spectrometry and atomic emission spectrometry. The 
elemental concentrations are reported from both sample populations and are 
compared to each other with respect to the levels present, age, gender and other 
factors such as smoking habits and health status.
6.1.1 Chemistry and Structure of Hair
Hair is characteristic of mammalian skin and serves as an insulator, camouflage and for 
identification of individuals. However, humans have much less visible hair than our 
primate cousins but more hair follicles per square inch of skin (Gray, 2003). The follicle 
is embedded in the skin and is the point of hair development. On average, the human 
scalp has approximately 100000 follicles (Gray, 2003). The outer visible part of hair is 
called the shaft and is a long thin cylinder of keratinised cells. The structure of hair 
follicle and shaft are shown in Figures 6.1 and 6.2 respectively.
Figure 6.1 The structure of hair (Stovell, 1999).
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Medulla
Figure 6.2 The structure of the hair shaft (Robertson, 1999).
The shaft is mainly comprised of the fibrous protein keratin but it also contains melanin 
(pigment), fats, cysteine (containing a thiol side chain), vitamins and minerals and is 
considered a 'minor excretory organ' for trace elements (Chittleborough, 1980; 
Robertson, 1999; Gray, 2003). Once formed, the shaft is then isolated from metabolic 
processes and provides a historical record. Scalp hair grows at a rate of 0.35 to 0.5 
mm per day which is approximately 10-15 mm per month providing a suitably sized 
'snapshot' of the metabolic status of the individual over time (Robertson, 1999).
6.1.2 Use of Hair as a Biomonitor
For several decades, hair analysis has been employed as a means of characterising the 
state of health with respect to nutritional status, disease status and environmental or 
occupational exposure (Rodushkin and Axelsson, 2000a; Srogi, 2006; Sela etal., 2007; 
Gellein et al., 2008). The acetone-water hair washing procedure used in this work 
(Figure 2.4) was developed in the 1970s at the IAEA (International Atomic Energy 
Agency) and was described as part of a report on the use of activation analysis of hair 
to establish a non-invasive "in wVo"method of determining elemental levels in humans 
(Ryabukhin, 1976). The ease of sample collection is the main advantage of using hair 
as a biomonitor, but it also offers long term sample stability, ease of transport and 
historical information when compared with blood or urine analysis (Srogi, 2006).
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However, the viability of using scalp hair as a biomonitor has been called into question 
and is a subject of debate with healthcare professionals (Taylor, 1986; Seidel et al., 
2001; Steindel and Howanitz, 2001). The main reason for this is the inherent variability 
of hair composition as factors such as age, gender, race, colour and geographical 
location are all influential (Robertson, 1999; Sukumar, 2002). The use of reference 
ranges, which are determined for specific populations (i.e. certain demographic groups 
or geographical localities), goes some way to alleviate this issue (Ashraf et at., 1994; 
Miekeley et al., 1998). Yet despite these variables, the analysis of trace elements in 
hair samples has been shown to aid diagnosis of coronary heart disease, cancer and 
heavy metal exposure (MacPherson and Bacso, 2000; Peng et al., 2000; Morton et al., 
2002b; Mandal eta/., 2003; Chojnacka et al., 2005; Srogi, 2006; Pasha et at., 2007; 
Gellein et at., 2008). The Environmental Protection Agency (EPA) in the US described 
hair as one of the most important biological materials for worldwide environmental 
monitoring and the World Health Organisation (WHO) advises its use for heavy metal 
monitoring (Morton et al., 2002a; Srogi, 2006). The IAEA also measure global 
elemental trends through hair analysis (Morton eta/., 2002a).
6.1.3 Hair Analysis
Samples of hair were collected as described in Section 2.2.5 from the two separate 
regions used in the main environmental study (Chapter 4), namely San Jose de Jachal, 
San Juan and General Roca, Rio Negro, Patagonia (Figure 2.1). Questionnaires 
regarding the typical diet, smoking habits and health status of the individual were also 
collected. In total, 118 samples were collected from the San Jose de Jachal region 
(herein denoted SJ) and 64 from General Roca, Rio Negro (hence represented as RN), 
after exclusion of samples due to insufficient mass (<50 mg). The SJ group contained 
53 males and 65 females, ranging in age from 2 to 72 years old (mean=36) and the 
RN population was comprised of 24 males and 40 females, aged between 4 and 81 
years old (mean=44). Unfortunately, not all participants correctly completed the 
questionnaire, leaving gaps in the data for the diet, smoking and health information. 
Therefore, in the subsequent statistical analysis, only those with full records were 
included (Table 6.1). Overall, the diet was similar in both populations, containing 
bread, cereals, pasta, rice, fruit, vegetables, meat, cheese and milk. The main drinks 
were yerba mate and tea, prepared with household tap water. Therefore, as the diets 
of both regions were very alike, no statistical comparisons were made.
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Table 6.1 Summary of the number of respondents to the health questionnaire.
n
Smoke? 
Y N
Good
health
Hyper­
thyroid
Bone
conditions
/arthritis
Heart Liver/kidneys
Digestive
disorders
SJ 40 49 50 19 25 2 9 16
RN 29 35 27 14 6 6 2 5
In the majority of reported cases, the hair sample is subjected to a digestion process in 
order to facilitate instrumental analysis. Examples of digestion techniques are dry 
ashing or wet acid decomposition using mineral acids. The predominant analytical 
technique employed for trace element hair analysis is inductively coupled plasma mass 
spectrometry (ICP-MS) by virtue of its superior detection capabilities (Srogi, 2006). The 
use of laser ablation or electrothermal volatilisation in combination with ICP-MS allows 
solid sampling which negates the need for dissolution and therefore minimises sample 
preparation but has the difficultly of a lack of suitable calibration standards (Sela etal., 
2007; Resano et at., 2008). In this work, a digestion process was optimised and 
validated (Section 2.3.5.1) with the samples subsequently analysed by ICP-MS (Section 
2.4.3) for the determination of the following trace elements: arsenic, cadmium, copper, 
iron, lead, manganese, selenium and zinc. For the minor elements: calcium, 
magnesium, potassium and sodium; atomic absorption (FAAS) or atomic emission 
spectroscopy (AES) was utilised, absorption for Group 2 metals and emission for Group 
1 metals.
After analysis, descriptive statistics were calculated for both populations as described in 
Appendix A. The results were then plotted as histograms which allows visual inspection 
of the data to approximately define the distribution type, as normal data should form a 
typical Gaussian (bell shaped) graph. Also if the arithmetic mean is close to median, 
this is another feature of a normal distribution, whereas if the geometric mean is close 
to the median, this is said to be a log-normal distribution (Miller and Miller, 2000). If 
the histogram shows a log-normal distribution, taking logs will transform the data into 
a typical Gaussian shaped graph. The two populations were then compared using 
significance testing, as described in Appendix A. The effect of gender, smoking habits 
and health status was also investigated statistically. This entire approach is 
summarised in the flowchart depicted Figure A2.1 in Appendix A. For brevity and clarity 
in this chapter, the population data resolved for lifestyle factors (smoking and health) 
and subsequent statistical testing are presented in Appendix D; only significant results 
are discussed herein.
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Additionally, regression analysis was also performed to assess the level of correlation 
between age and inter-elemental interactions. The significance of each correlation was 
evaluated using t-tests. The equations used to do this are described in Appendix A.
All significance testing was performed at the 95% confidence interval or a probability 
of less than 0.05 (unless stated otherwise) which is most appropriate for laboratory 
measurements (Miller and Miller, 2000).
6.1.4 Reference Ranges
This section reports some typical elemental levels for the minor and other trace 
elements measured in the hair samples, namely arsenic, cadmium, calcium, copper, 
iron, lead, magnesium, manganese, potassium, selenium, sodium and zinc. Table 6.2 
provides a brief review of reported levels in the scientific literature for the elements 
investigated in this work. For typical levels of boron in human hair samples, refer to 
Table 1.10 in Section 1.2.6.
Table 6.2 Summary of reported elemental concentrations in hair.
Element Country Mean(pg/g) Range(pg/g) Reference
Arsenic - - 0.06-1.2 (Chittleborough, 1980)
- 0.1 - (Ward, 2000)
- 0.05 0.03-0.08 (Goulle etal., 2005)
Cadmium - - 0.34-1.6 (Chittleborough, 1980)
Pakistan 0.812 - (Ashraf etal., 1994)
Greece — 0.03-0.83 (Ashraf etal., 1994)
USA 0.97 - (Ashraf etal., 1994)
Poland 0.114 - (Chojnacka etal., 2005)
Calcium - - 135-1150 (Chittleborough, 1980)
Pakistan 6090 - (Ashraf etal., 1994)
Japan - 150-3184 (Ashraf etal., 1994)
Saudi Arabia - 113-2530 (Ashraf etal., 1994)
Poland 1087.5 - (Chojnacka etal., 2005)
Copper - - 8.7-130 (Chittleborough, 1980)
Pakistan 22.2 6.13-25.8 (Ashraf et al., 1994)
India 20 - (Ashraf etal., 1994)
Poland 12.352 - (Chojnacka etal., 2005)
- 20.3 9.0-61.3 (Goulle etal., 2005)
Iron Pakistan 107 43.3-178 (Ashraf etal., 1994)
Japan - 11.1-300 (Ashraf etal., 1994)
- - 73-110 (Chittleborough, 1980)
Poland 15 - (Chojnacka etal., 2005)
Lead - - 14.5-52 (Chittleborough, 1980)
- 1 - (Ward, 2000)
- 0.41 0.13-4.57 (Goulle etal., 2005)
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Table 6.2 continued
Element Country Mean(pg/g) Range(pg/g) Reference
Magnesium - - 7.3-21.8 (Chittleborough, 1980)
Pakistan 1150 - (Ashraf eta!., 1994)
Japan - 13-1040 (Ashraf eta/., 1994)
Taiwan 78.8 36.0-133.8 (Wang eta/., 2006)
- - 1.49-567 (Pozebon eta/., 1999)
Manganese - - 0.15-8.8 (Chittleborough, 1980)
Pakistan 5.7 0.49-12.6 (Ashraf et a/., 1994)
Saudi Arabia - 0-3.0 (Ashraf eta/., 1994)
Poland 0.601 - (Chojnacka eta/., 2005)
- 0.067 0.016-0.57 (Goulle eta/., 2005)
Potassium - - 72.6-900 (Chittleborough, 1980)
- - 4-700 (Pozebon eta/., 1999)
Taiwan 38.4 11.0-83.0 (Wang eta/., 2006)
Selenium - - 0.48-1.13 (Chittleborough, 1980)
Poland 0.679 - (Chojnacka eta/., 2005)
- 0.54 0.37-1.37 (Goulle eta/., 2005)
Sodium - - 516-1205 (Chittleborough, 1980)
- - 0.02-2.02 (Pozebon eta/., 1999)
Poland 217.33 - (Chojnacka eta/., 2005)
Taiwan 65.6 40.4-99.3 (Wang eta/., 2006)
Zinc - - 122-246 (Chittleborough, 1980)
- - 53.7-327 (Pozebon eta/., 1999)
Poland 156.48 - (Chojnacka eta/., 2005)
- 162 129-209 (Goulle eta/., 2005)
6.2 Boron
6.2.1 San Juan Population
The distribution of boron in the hair samples from San Jose de Jachal appeared to be a 
log-normal distribution by observation in that the geometric mean is very close to the 
median. The results were subjected to Grubb's outlier tests and it was found that both 
the lowest value of 0.54 pg/g and the highest value were not outliers (low Gcaic 2.290; 
high GCaic 2.629; n=118, Gcrit 3.262). The results are shown in the histogram in Figure 
6.3, again indicating a log-normal distribution.
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Figure 6.3 Distribution of boron in the San Juan population.
6.2.2 Rio Negro Population
The boron data from the Rio Negro population was also found to be of a log-normal 
distribution. The Grubb's analysis showed that both the lowest value of 0.34 pg/g and 
highest value of 2.82 pg/g were not statistical outliers (low G i^c 2.183; high Gcaic 1.811; 
n=64, Gent 3.049). The histogram and descriptive statistics are shown in Figure 6.4. 
Again, the geometric mean and median are very close, confirming a log-normal 
distribution.
pg/g RN All
Arithmetic Mean 1.23
SD 0.62
Geometric Mean 1.08
Median 1.02
Min 0.34
Max 2.82
n 64
Figure 6.4 Distribution of boron in the Rio Negro population.
6.2.3 Comparison of the Two Populations
Both populations were found to be log-normally distributed which is postulated to 
indicate a non-essential function, as essential elements are under homeostatic control 
and therefore should follow a normal distribution in healthy individuals (Adair, 2002). 
Whilst boron is not classified as an essential element, it is known to influence various 
metabolic processes, see Section 1.2.6, so it might be expected to follow a normal 
distribution but its complex and unclear behaviour in vivo must influence this.
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In Chapter 1, Table 1.10 reports the concentration of boron found in hair from the 
limited literature information available. The minimum and maximum values reported 
are 0.13 and 10.19 pg/g respectively and the levels obtained in this study for both 
populations fall within this range.
In order to compare the two populations, an F-test was performed to establish if there 
is a significant difference in the sample variance. The Fca|C was found to be 1.09 and 
the Fcrit value for na- l  and nb- l  degrees of freedom (117, 63) is 1.46, therefore the null 
hypothesis is retained and a t-test was performed assuming equal variance. The tca|C 
was found to be 6.78 and tcrit for 180 degrees of freedom at a probability level of 
<0.001 is 3.35, hence the null hypothesis is rejected, i.e. the means of the two 
distributions are significantly different, with the San Juan population mean being 
greater than the Rio Negro population. This result reflects the average boron content 
of tap water in the regions, which was determined in Chapter 4 (SJ= 4.5 mg/l; 
RN=0.03 mg/l).
6.2.4 Influence of Gender
The effect of gender on the concentration of boron in the hair samples was 
investigated. The results were separated into male (M) and female (F) sub-groups for 
both populations and the descriptive statistics are reported in Table 6.3.
Table 6.3 Population data for boron resolved for gender (iig/g).
Population Gender Mean SD GM Median Min Max n
SJ F 2.24 1.66 1.85 1.82 0.54 8.26 65
SJ M 2.30 1.38 2.00 1.93 0.56 7.26 53
RN F 1.14 0.61 1.85 0.96 0.34 2.31 40
RN M 1.37 0.61 1.24 1.14 0.52 2.82 24
SD=standard deviation; GM=geometric mean.
To assess whether there is any differences which can be attributed to gender, F-tests 
and two tailed t-tests were performed, the results of which are given in Table 6.4. The 
signs of tcaic were left in as a positive sign indicates the values are greater in the first 
group (F) relative to the second (M), whereas a negative tcaic indicates vice versa. The 
results show the male levels were higher than the female levels, however this was not 
significant at a probability of 0.05.
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Table 6.4 F-test and t-test results for the comparison of boron concentrations and gender in
the two study populations.
Population Relationship df(F) F cr lt Fca lc df(t) tc r it tca lc Sig? P
SJ F vs. M 64,52 1.56 1.26 116 1.98 -0.73 N <0.05
RN F vs. M 39,23 1.92 1.45 62 2.00 -1.68 N <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probability.
6.2.5 Correlation with Age
As has been discussed in Section 6.1.2, age can be a factor in the trace element 
concentration of human tissues. Therefore regression analysis was performed to 
determine if this was an important factor in relation to the data obtained in this work. 
The Pearson's Product Moment Correlation Coefficient (r) was calculated for age versus 
boron concentration in the two populations. This was then subjected to a t-test as 
described in Appendix A and the results are given in Table 6.5. The findings indicate no 
correlation of boron levels with age at the probability of P<0.05.
Table 6.5 Correlation of age and boron concentrations in the two study populations.
Population n r tc rit tca lc Sig? P
SJ 118 0.0491 1.96 0.53 N <0.05
RN 64 -0.1258 2.00 1.00 N <0.05
Sig?=Significant, Yes/No; P==Probability.
6.2.6 Influence of Health Status
The health status of an individual plays an important role in the metabolism of trace 
elements in the human body and thus may affect the concentration present in hair 
(Groff and Gropper, 2000). Therefore, this was investigated by considering the 
answers to the questionnaires and recalculating the descriptive statistics (Appendix D). 
The regrouped data were then subjected to significance testing, namely F- and t-tests. 
A summary of the statistical differences are presented in Table 6.6.
Table 6.6 F-test and t-test results for the comparison of boron concentration in hair and health
status in the two study populations.
Population Relationship d f ( F ) Fcrit Fca lc d f ( t ) tc rit tca lc Sig? P
SJ GH vs. HT 49,18 2.04 7.67 67 2.00 2.96 Y <0.05
SJ GH vs. Bone 49,24 1.86 5.32 72 1.99 2.49 Y <0.05
SJ GH vs. Liv/Kid 49,8 3.02 22.23 55 2.00 2.08 Y <0.05
Y/N=Yes/No; GH=good health; HT=hyperthyroid; Bone=bone conditions/arthritis; Liv/Kid= 
liver/kidneys; df=degrees of freedom; Sig?=Significant; P=Probability.
Three illnesses, namely hyperthyroidism, bone conditions/arthritis and liver/kidney 
problems, in the San Juan population showed significant differences in the
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concentration of boron present in the hair samples compared to those individuals who 
were considered to be in good health. The greatest impact of these findings is the 
association between boron and bone conditions. Boron is known to influence bone 
development (Sections 1.2.6 and 1.3.2) and has strong connections with the 
metabolism of calcium, magnesium, phosphorus and vitamin D, all important factors 
for healthy bones (McCoy et at., 1994; Meacham et al., 1994; Moseman, 1994; 
Nielsen, 1997; Nielsen, 2008). The healthy group have a higher mean boron 
concentration than those reporting bone problems (2.52 pg/g versus 1.76 pg/g 
respectively), which appears to the support previous research investigating the level of 
boron in tooth samples from arthritic patients (3.89 ± 1.80 pg/g) and a control group 
(4.12 ± 1.13 pg/g) (Ward, 1987; Havercroft, 1989). Researchers have also shown that 
boron may be beneficial to sufferers of arthritis and recommend supplementation to 
help alleviate symptoms (Travers et al., 1990; Nielsen and Shuler, 1992; Newnham, 
1994; Nielsen, 1994). However, in this region sufficient boron is supplied by the 
drinking water and diet, showing that the mechanism of action is complex. A similar 
trend was not observed in the Rio Negro population although this could be due to the 
smaller size of the group (n=6).
6.2.7 Summary
The concentrations of boron found in human scalp hair samples obtained from two 
populations in Argentina were log-normally distributed and within the ranges reported 
by other researchers. Statistical analysis has shown there is a significant difference 
between the two locations indicating that the environmental factors discussed in 
Chapter 4 influence the levels in humans. No relationship between boron levels and 
either gender or age were observed. A significant difference was found between 
healthy individuals and those suffering from hyperthyroidism, bone conditions/arthritis 
and liver/kidney problems in the San Juan population.
6.3 Arsenic
6.3.1 San Juan Population
Out of 118 samples prepared from the San Juan population, only 72 had detectable 
levels of arsenic and so only these data points were used in the statistical analysis. In 
this group, no statistical outliers were found using the Grubb's test for the minimum 
and maximum concentration of arsenic, 0.28 and 76.5 pg/g respectively (low G caic
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2.948; high Gcaic 1.459; n=72, Gcrit 3.092). The histogram and descriptive statistics for 
this group are given in Figure 6.5.
pg/g SJ All
Arithmetic Mean 21.0
SD 19.5
Geometric Mean 11.9
Median 16.0
Min 0.28
Max 76.5
n 72
Concentration As (pg/g)
Figure 6.5 Distribution of arsenic in the San Juan population.
The distribution of arsenic in Figure 6.5 shows an approximate log-normal distribution 
and the geometric mean is somewhat closer to the median than the arithmetic mean. 
The typical concentration range of arsenic in hair is reported in Table 6.2 which quotes 
a maximum of 1.2 pg/g. However the concentrations found here greatly exceeded this 
value. On closer inspection of the data, shown in Table 6.7 below, the specific 
locations of the samples show a different pattern. This may take into account the slight 
skew of the log-normal distribution.
Table 6.7 Arsenic concentrations in hair from San Juan, separated by location (pg/g).
Location Mean SD Range n
Angualasto 4.0 5.0 0.3-17.8 12
Huaco 16.7 12.1 1.1-38.1 16
Niquivil 19.5 15.3 0.9 -  67.7 26
San Jose de Jachal 38.5 23.4 2.0-76.5 18
All data 21.0 19.5 0.3 -  76.5 72
Research by Mandal and co-workers studied arsenic afflicted areas in West Bengal, 
India, where drinking water levels were in excess of 150 pg/l (Mandal et a/., 2003; 
Mandal et a/., 2004). The maximum values they found in hair samples from two 
separate studies, were 4.81 and 12.1 pg/g, with 60% of the total arsenic present as 
inorganic As(III). Previous work in an endemic region of northern Argentina (Monte 
Quemado, Santiago del Estero province) contaminated with high concentrations of 
arsenic (well water 0.87-0.99 ppm) reported maximum arsenic levels in hair samples of 
20.0 pg/g (Astolfi et al., 1981). The concentrations found in the hair samples in this 
study drastically surpass these reported observations.
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6.3.2 Rio Negro Population
All of the samples from Rio Negro were found to be below the detection limit of ICP- 
MS, which was 2.5 pg/l in solution, equating to approximately 160 ng/g in the original 
hair material.
6.3.3 Comparison of Populations
As the concentration of arsenic in the samples from General Roca, Rio Negro were 
below the detection limit in all cases, it was not possible to compare the two 
statistically. The San Juan population showed a log-normal distribution with the 
majority of samples within typical ranges reported by others. However, the maximum 
values obtained were much greater than those reported by other researchers 
investigating chronic arsenic contamination.
6.3.4 Influence of Gender
The effect of gender was tested against the concentration of arsenic in the San Juan 
hair samples. The results were separated into male and female and the descriptive 
statistics are reported in Table 6.8.
Table 6.8 Population data for arsenic resolved for gender (pg/g).
Population Gender Mean SD GM Median Min Max n
SJ F 20.1 15.3 13.3 17.8 0.89 67.7 39
SJ M 22.1 23.7 10.5 12.7 0.28 76.5 33
SD=standard deviation; GM=geometric mean.
F-tests and two tailed t-tests were performed in order to determine if there is a 
difference which can be attributed to gender, the results of which are given in Table 
6.9. The positive sign of tcaic indicates the male levels were higher than the female 
levels, however this was not significant at a probability of 0.05.
Table 6.9 F-test and t-test results for the comparison of arsenic concentrations and gender in
the two study populations.
Population Relationship df (F) Fcrit Fca lc  df(t) tc rit tca lc Sig? P
SJ F vs. M 32,38 1.75 1.74 70 1.99 0.76 N <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probabiiity.
6.3.5 Correlation with Age
The use of the Pearson's Product Moment Correlation coefficient was employed to 
determine if there was a relationship between age and arsenic concentrations. The r
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value obtained (r=0.0529) was significance tested using a t-test. The tcaic value was 
0.44 which is less than the tent value of 2.00 for 70 degrees of freedom at the 0.05 
probability level. Therefore, no correlation was observed between age and arsenic 
concentrations in the San Juan population.
6.3.6 Influence of Health Status
The levels of arsenic found in the hair of the individuals from the San Juan region were 
above previously reported limits in other endemic areas. The effect of smoking and 
other health conditions were investigated. The recalculated descriptive statistics are 
given in Appendix D. Significance testing was then performed to determine any 
differences between smokers and non-smokers and those considered healthy with 
those who reported detrimental health problems. No statistical differences were 
observed at the 0.05 probability level.
6.3.7 Summary
The use of hair and nails as biomonitors has been previously reported for assessing the 
extent of human exposure to arsenic (Ashraf et al., 1994; Mandal et al., 2003; Mandal 
et a!., 2004). Seventy two of the samples from San Juan showed measurable levels of 
arsenic whereas in the Rio Negro population, no detectable arsenic was found in any of 
the samples. In the San Juan data, no statistical differences were found between 
gender, age or health effects with respect to arsenic.
6.4 Cadmium
6.4.1 San Juan Population
The results for cadmium are shown in Figure 6.6 for the San Juan population which 
follows a log-normal distribution, as seen by inspection of the data and the similarity of 
the median and the geometric mean. Thirty of the samples were below the 
instrumental detection limit for ICP-MS, which was approximately 29 ng/g in the 
material. A visual inspection of the data shows that there appears to be an outlier and 
was subjected to a Grubb's test. Neither low nor high ends of the distribution were 
found to contain outliers therefore all data were retained (low Gcaic 2.203; high Gcaic 
2.526; n=88, Gcrit 3.163).
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ng/g SJ All
Arithmetic Mean 105.7
SD 52.3
Geometric Mean 94.9
Median 92.6
Min 33.9
Max 308.4
n 88
Figure 6.6 Distribution of cadmium in the San Juan population.
6.4.2 Rio Negro Population
As with the San Juan population, a log-normal distribution was observed and no 
statistical outliers were found (low Gcaic 1.638; high G i^c 2.084; n=49, Gait 2.948). In 
this population, fifteen specimens were below the instrumental detection limit. The 
data are reported in Figure 6.7.
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Concentrator! Cd (ng/g)
ng/g RN All
Arithmetic Mean 185.5
SD 72.9
Geometric Mean 172.9
Median 167.5
Min 93.8
Max 376.5
n 49
Figure 6.7 Distribution of cadmium in the Rio Negro population.
6.4.3 Comparison of Populations
A log-normal distribution was observed for both populations and is expected for a non­
essential element, which can be attributed to a lack of homeostatic control in the body 
(Adair, 2002). The range of concentrations found in this work was within those 
reported in the literature (Table 6.2). So whilst the two populations are distinctly 
different to each other, the values obtained are not beyond typical levels and do not 
indicate any pollution or contamination in these regions.
To test if there is any difference in the variance of the two populations, an F-test was 
performed. The calculated value of F was 1.56 and the Fcrit value for na- l  and nb- l
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degrees of freedom (87, 48) is 1.57. Therefore the null hypothesis is only just rejected 
and a t-test assuming unequal variances was used. The W  was calculated at 8.23 and 
tcrit for 118 degrees of freedom at a probability level of <0.001 is 3.37, hence the null 
hypothesis is rejected and there is a significant difference between the means of the 
two distributions, with the Rio Negro population having a higher mean concentration of 
cadmium in comparison with the San Jan population.
6.4.4 Influence of Gender
The effect of gender was investigated on the concentration of cadmium in the hair 
samples from both populations. The results were separated into male and female and 
Table 6.10 reports the calculated descriptive statistics.
Table 6.10 Population data for cadmium resolved for gender (ng/g).
Population Gender Mean SD GM Median Min Max n
SJ F 108.7 51.8 98.8 90.3 38.3 299.9 108.7
SJ M 101.6 53.5 89.7 98.4 33.9 308.4 101.6
RN F 192.5 79.2 98.8 171.5 93.8 376.5 192.5
RN M 171.2 57.7 163.2 155.5 110.9 306.7 171.2
SD=standard deviation; GM=geometric mean.
To assess whether there are any differences which can be attributed to gender, F-tests 
and two tailed t-tests were performed, with the results reported in Table 6.11. No 
statistical difference was observed in either population at a probability level of 0.05.
Table 6.11 F-test and t-test results for the comparison of cadmium concentrations and gender
in the two study populations.
Population Relationship df (F) F crit F calc df(t) tc rit tca lc Sig? P
SJ F vs. M 36,50 1.65 1.38 86 1.99 0.95 N <0.05
RN F vs. M 32,15 2.24 1.63 47 2.01 0.76 N <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probability.
6.4.5 Correlation with Age
Regression analysis was performed to determine if age was correlated to the 
concentration of cadmium in hair. The Pearson's Product Moment Correlation 
Coefficient (r) was calculated and then subjected to a t-test as described in Appendix 
A. The results given in Table 6.12 show that there is no correlation between age and 
cadmium levels at a probability of P<0.05 for the San Juan population but a significant 
negative relationship is seen in the Rio Negro population.
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Table 6.12 Correlation of age and cadmium concentrations in the two study populations.
Population n r tcrit tca lc Sig? P
SJ 88 -0.0997 1.99 0.93 N <0.05
RN 49 -0.2908 2.01 2.08 Y <0.05
Sig?=Significant, Yes/No; P=^ Probability.
6.4.6 Influence of Health Status
The data for the two populations were regrouped with respect to health status, with 
the new descriptive statistics and statistical test results presented in Appendix D. Due 
to the low concentration of cadmium in the samples, the group sizes are much smaller 
than those quoted in Table 6.1.
Differences were observed in the Rio Negro population between those individuals who 
were considered to be in good health compared with those who recorded bone 
problems/arthritis and heart conditions, as shown in Table 6.13. However, caution 
must be taken with these results as the sample size of the 'health problem' groups 
were very small (bone n=3; heart n=4). Therefore, it is difficult to draw definitive 
conclusions from these tests.
Table 6.13 F-test and t-test results for the comparison of cadmium concentration in hair and
health status in the two study populations.
Population Relationship df(F) Fcrit Fca lc df(t) tc r it tca lc Sig? P
RN GH vs. Bone 20,2 19.45 79.16 22 2.07 4.44 Y <0.05
RN GH vs. Heart 20,3 8.66 15.73 20 2.09 4.13 Y <0.05
Y/N=Yes/No; GH=good health; Bone=bone conditions/arthritis; df=degrees of freedom; 
Sig?=Significant; P=Probability.
Additionally, previous workers have found significant differences in the levels of 
cadmium, lead and thallium in various tissues of smokers and non-smokers (Rodushkin 
and Axelsson, 2000b; Sukumar, 2002; Wennberg et a!., 2006). However, this 
relationship was not found here, indicating that another dominant source of cadmium 
is present for both populations.
6.4.7 Summary
The data obtained in this research for cadmium concentrations in hair showed that 
both populations were log-normally distributed and were not found to be outside the 
ranges reported in the literature. There was no observed effect of gender on cadmium 
levels in either group. A weak negative correlation between age and cadmium levels in 
the Rio Negro population was found to be statistically significantly at the P<0.05 level. 
However, no relationship was seen for the San Juan group.
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6.5 Calcium
6.5.1 San Juan Population
The results for calcium in the hair samples from San Juan are presented in Figure 6.8. 
A visual inspection of the data shows a log-normal distribution and a possible outlier, 
however, statistical testing proved it was not and so all data were retained (low Gcaic 
1.919; high Gca,c 2.113; n=116, Gcrlt 3.257).
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Concentration Ca (pg/g)
pg/g SJ All
Arithmetic Mean 1688
SD 1119
Geometric Mean 1345
Median 1342
Min 353
Max 5865
n 116
Figure 6.8 Distribution of calcium in the San Juan population.
6.5.2 Rio Negro Population
The distribution of calcium in the Rio Negro population is shown in Figure 6.9 and 
follows a log-normal distribution. There also appears to be an outlier at the maximum 
but a Grubb's test did not identify it as one and so it was retained (low G i^c 1.891; high 
G ^  2.176; n=62, Gcrit 3.037).
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Concentration Ca (pg/g)
pg/g RN All
Arithmetic Mean 957
SD 1197
Geometric Mean 502
Median 407
Min 57
Max 6131
n 62
Figure 6.9 Distribution of calcium in the Rio Negro population.
6.5.3 Comparison of Populations
Both populations showed log-normal distributions which is perhaps unexpected as 
calcium is an essential element. An explanation could be that the hair is only used as
191
Chapter Six -  Results and Discussion
an excretory organ for any excess or unutilised calcium, signifying that hair levels may 
not be suitable for biomonitoring (Chittleborough, 1980). However, some researchers 
have used hair calcium concentrations to identify the risk of coronary heart disease, 
although other factors such as water hardness and number of hours of sunshine also 
played significant roles (vitamin D is produced in the skin by ultraviolet B radiation) 
(MacPherson and Bacso, 2000). It should also be noted that this work reported by 
MacPherson and Bacso found log-normal distributions in hair and in their previous 
studies referenced within it.
In order to compare the populations, an F-test found an Fcaic of 2.72 which was greater 
than the Fcrit of 1.43 for 61,115 degrees of freedom. Therefore a t-test assuming 
unequal variances was used, tcaic was found to be 3.97 which was above the tcrit value 
of 3.37 for 118 degrees of freedom at a probability level of <0.001 and so the null 
hypothesis was rejected. Therefore the calcium content of hair from the San Juan 
population is significantly higher than the Rio Negro group. This also reflects the same 
pattern as the water samples determined in Chapter 4 (SJ=50-80 mg/l; RN=5 mg/l).
The majority of calcium concentrations found in the hair samples used in this work are 
within typical ranges reported in Table 6.2. Ashraf and co-workers however reported a 
mean of 6090 pg/g calcium for an urban population in Pakistan but the paper does not 
give full details on the distribution type, median or range found (Ashraf eta/., 1994).
6.5.4 Influence of Gender
The effect of gender was investigated on the concentration of calcium in the hair 
samples from both populations. The results were separated into male and female and 
Table 6.14 reports the re-calculated descriptive statistics.
Table 6.14 Population data for calcium resolved for gender (ug/g).
Population Gender Mean SD GM Median Min Max n
SJ F 1840 1060 1521 1571 403 4625 64
SJ M 1501 1171 1156 964 353 5865 52
RN F 1220 1384 1521 456 57 6131 39
RN M 512 580 347 384 98 2768 23
SD=standard deviation; GM=geometric mean.
To establish if there is distinction between the calcium concentrations in relation to 
gender for the two populations, F-tests and two tailed t-tests were performed, with the
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results repotted in Table 6.15. Statistical differences were observed between gender 
and calcium levels at a probability of 0.05 for both populations. The data in Table 6.14 
show that the concentration of calcium was higher in females than males, which was in 
agreement with other studies (Ashraf eta/., 1994; Rodushkin and Axelsson, 2000b).
Table 6.15 F-test and t-test results for the comparison of calcium concentrations and gender
in the two study populations.
Population Relationship df (F) Fcrit F calc df(t) tcrit tcalc Sig? P
SI F vs. M 51,63 1.55 1.20 114 1.98 2.14 Y <0.05
RN F vs. M 38,22 1.95 2.08 58 2.00 2.19 Y <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probability.
6.5.5 Correlation with Age
The Pearson's Product Moment Correlation Coefficient (r) was calculated for age versus 
calcium concentration in the two populations which was then subjected to a t-test as 
described in Appendix A. The results are presented in Table 6.16 and indicate that 
there is no correlation of calcium levels with age at the probability of P<0.05 in either 
population.
Table 6.16 Correlation of age and calcium concentrations in the two study populations.
Population n r tcrit tcalc Sig? P
SJ 116 -0.0247 1.96 0.26 N <0.05
RN 62 -0.1078 2.00 0.84 N <0.05
Sig?=Significant, Yes/No; P=Probability.
6.5.6 Influence of Health Status
Calcium is an important element in the maintenance of human health. Therefore its 
effects on the health status of the individuals monitored in this work were explored. 
The consequences of grouping the data according to health status and the results of 
significance testing are given in Appendix D. A statistical relationship was seen 
between healthy individuals and those with bone complaints/arthritis in the San Juan 
population (Table 6.17). The means of the two groups show that healthy persons have 
a higher level of calcium present in the hair (healthy=1858 pg/g, bone=1332 pg/g). 
This is an interesting finding, mirroring that found for boron (Section 6.2.6) further 
evidencing the relationship between the two elements, as previously reported (Nielsen, 
1985; Nielsen and Shuler, 1992; Meacham eta/., 1994).
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Table 6.17 F-test and t-test results for the comparison of calcium concentration in hair and
health status in the two study populations.
Population Relationship df(F) F^ Fcalc df(t) tcrit tca lc Sig? P
SJ GH vs. Bone 47,24 1.87 1.37 71 1.99 2.06 Y <0.05
Y/N=Yes/No; GH=good health; Bone=bone conditions/arthritis; df=degrees of freedom; 
Sig?=Significant; P=Probability.
6.5.7 Summary
The concentrations of calcium found in the human scalp hair samples were found to be 
log-normally distributed and within the ranges reported by other researchers. 
Statistical analysis has shown there is a significant difference between the two 
locations, with the San Juan population having a larger mean than the Rio Negro 
population. When the data was spilt into gender sub-groups, a statistical difference 
was seen between males and females in both localities at the 0.05 probability level. A 
significant difference was also found with respect to healthy individuals and the 
incidence of bone conditions/arthritis; the latter group having a lower mean 
concentration than the former. These problems are typified by lower concentrations of 
calcium within the body further highlighting the biomonitoring potential of hair (Beattie 
and MacDonald, 1991; Meacham et at., 1994; Newnham, 1994; MacPherson and 
Bacso, 2000; Hunt, 2006). However, no relationship between calcium levels and age 
were observed.
6.6 Copper
6.6.1 San Juan Population
An initial inspection of the data is shown in Figure 6.10, which appears to be log­
normally distributed but the graph is skewed by outliers. The results of the Grubb's test 
are given in Table 6.18.
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Concentrator! Cu (pg/g)
M9/9 SJ All
Arithmetic Mean 21.3
SD 25.6
Geometric Mean 17.5
Median 16.2
Min 3.7
Max 238.5
n 118
Figure 6.10 Distribution of copper in the SJ population.
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Table 6.18 Summary of Grubb's outlier testing on the SJ copper distribution.
Concentration
(ug/g)
Log
concentration
n G ca ic G c r it Reject?
3.7 0.57 118 3.194 3.262 N
238.5 2.38 118 5.362 3.262 Y
3.7 0.57 117 3.614 3.259 Y
148.6 2.17 116 5.353 3.257 Y
97.6 1.99 115 5.009 3.254 Y
63.3 1.8 114 4.300 3.251 Y
44.5 1.65 113 3.483 3.248 Y
43 1.63 1 1 2 3.582 3.245 Y
32.2 1.51 1 1 1 2.690 3.242 N
The effect of the removal of the outliers detailed in Table 6.18 is shown in the new 
histogram and descriptive statistics for the copper data in Figure 6.11. The results still 
appear to be log-normally distributed.
<? -O' N* 0  ■? a> -vfo T?
Concentration Cu (pg/g)
pg/g SJ All
Arithmetic Mean 16.8
SD 4.6
Geometric Mean 16.3
Median 15.9
Min 9.8
Max 32.2
n 111
Figure 6.11 Distribution of copper in the SJ population after rejection of outliers.
6.6.2 Rio Negro Population
The copper distribution in the Rio Negro population is shown in Figure 6.12 and follows 
a log-normal distribution with a possible outlier at the maximum end. A Grubb's test 
however did not identify this and was therefore retained (low Gcaic 1.958; high Gcaic 
2.969; n=64f G crit 3.049).
195
Chapter Six -  Results and Discussion
pg/g RN All
Arithmetic Mean 28.4
SD 14.7
Geometric Mean 25.8
Median 23.4
Min 11.4
Max 88.9
n 64
Figure 6.12 Distribution of copper in the RN population.
6.6.3 Comparison of Populations
Both groups followed log-normal data distributions when it would be expected to follow 
a normal distribution due to the essentiality of copper. However, other workers have 
also observed log-normal distributions for copper in hair but found normal distributions 
in other human tissues from the same subject (Ryabukhin, 1976; Monasterios et al., 
1986; Stovell, 1999; Adair, 2002). The concentrations obtained in this work are 
consistent with other literature values (Table 6.2).
An F-test was used to compare the populations which gave an Fcaic of 2.69. The Fcrit 
value for 63,110 degrees of freedom was 1.43 so a t-test assuming unequal variances 
was used, tcaic was found to be 8.03 which was above the tent value of 3.40 for 90 
degrees of freedom at a probability level of <0.001. Therefore, the null hypothesis was 
rejected showing there is a significant difference between the two groups, with the Rio 
Negro population having a larger mean than the San Juan population. This mirrors the 
relationship to the tap water samples described in Chapter 4 (SJ mean=4 pg/l; RN=20- 
50 pg/l copper).
6.6.4 Influence of Gender
The effect of gender was investigated on the concentration of copper in the hair 
samples from both populations. The results were separated into male and female and 
Table 6.19 reports the calculated descriptive statistics.
Table 6.19 Population data for copper resolved for gender (pg/g).
Population Gender Mean SD GM Median Min Max n
SJ F 17.2 4.6 16.7 16.1 9.9 32.2 60
SJ M 16.4 4.6 15.9 15.9 9.8 29.5 51
RN F 26.8 10.5 16.7 24.5 11.4 51.8 40
RN M 31.2 19.7 27.3 21.8 13.6 88.9 24
SD=standard deviation; GM=geometric mean.
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To assess whether there are any differences which can be attributed to gender, F-tests 
and two tailed t-tests were performed, with the results reported in Table 6.20. No 
statistical difference was observed at a probability level of 0.05.
Table 6.20 F-test and t-test results for the comparison of copper concentrations and gender in
the two study populations.
Population Relationship df (F) Fcrit Fcalc df(t) tcrit tcaic Sig? P
SJ F vs. M 50,59 1.56 1.08 109 1.98 1.01 N <0.05
RN F vs. M 23,39 1.81 1.65 62 2.00 -0.83 N <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probability.
6.6.5 Correlation with Age
Regression analysis was performed to determine if age was correlated to the 
concentration of copper in hair. The Pearson's Product Moment Correlation Coefficient 
(r) was calculated and then subjected to a t-test as described in Appendix A. The 
results are given in Table 6.21 showing that there is no correlation between age and 
copper levels at a probability level of 0.05 for both populations.
Table 6.21 Correlation of age and copper concentrations in the two study populations.
Population n r tcrit tcaic Sig? P
SJ 111 -0.0264 1.96 0.28 N <0.05
RN 64 -0.1275 2.00 1.01 N <0.05
Sig?=Significant, Yes/No; P=Probability.
6.6.6 Influence of Health Status
The effect of copper on the health status was examined in the two populations. The 
descriptive statistics for the groupings and results of the statistical testing are shown in 
Appendix D. No significant differences were found between the copper content of hair 
with respect to either smoking habits or health status.
6.6.7 Summary
The concentrations of copper found in the human scalp hair samples were found to be 
log-normally distributed and consistent with literature data. Significance testing has 
shown there is a difference between the two locations (P<0.001). However, no 
statistical difference was seen between copper levels and either gender, age or health 
status.
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6.7 Iron
6.7.1 San Juan Population
The iron data for the San Juan population follows a log-normal distribution as shown in 
Figure 6.13. No outliers were detected with a Grubb's test (low Gcaic 2.462; high Gcaic 
2.227; n=118, Gcrit 3.262).
pg/g SJ All
Arithmetic Mean 30.8
SD 14.6
Geometric Mean 27.5
Median 27.9
Min 8.4
Max 80.5
n 118
Concentration Fe (pg/g )
Figure 6.13 Distribution of iron in the SJ population.
6.7.2 Rio Negro population
The elemental distribution of iron in the Rio Negro population is depicted in Figure 6.14 
and also shows a log-normal pattern. An outlier check proved there were no 
extraneous values in the data set (low G caic 2.002; high G caic 2.594; n=63, G Cht 3.044). 
One specimen was found to be below the detection limit, equating to approximately
1.4 pg/g in the hair sample.
pg/g RN All
Arithmetic Mean 16.0
SD 14.7
Geometric Mean 12.0
Median 11.2
Min 2.8
Max 79.8
n 63
Figure 6.14 Distribution of iron in the RN population.
6.7.3 Comparison of Populations
Both groups were assigned as log-normal distributions. As previously seen with copper, 
this was in agreement with other reported work (Stovell, 1999; Adair, 2002). The
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concentrations observed in this work are at the lower end of the range of values 
reported in Table 6.2 and the research findings of Stovell (1999) and Adair (2002).
The results of an F-test showed the populations had different variances therefore a t- 
test assuming unequal variances was performed (Fcaic 2.30, Fcrit 1.42, degrees of 
freedom 62,117). The tcaic was determined as 8.13 which was above the tcm value of 
3.40 for 92 degrees of freedom at a probability level of <0.001. Consequently, there is 
a significant difference between the populations, with the San Juan group having a 
higher mean concentration than the Rio Negro group. Iron was not detected in the 
water samples analysed in Chapter 4, so other factors such as diet must be involved.
6.7.4 Influence of Gender
The effect of gender was investigated on the concentration of iron in the hair samples 
from both populations. The results were separated into male and female sub-groups 
and Table 6.22 reports the calculated descriptive statistics.
Table 6.22 Population data for iron resolved for gender (pg/g).
Population Gender Mean SD GM Median Min Max n
SJ F 30.2 13.7 27.3 28.1 8.4 80.5 65
SJ M 31.5 15.7 27.8 27.5 8.9 73.8 53
RN F 18.8 17.0 27.3 12.3 4.4 79.8 39
RN M 11.6 8.2 9.5 10.1 2.8 34.7 24
SD=standard deviation; GM=geometric mean.
To establish if there is distinction between gender for the two populations, F-tests and 
two tailed t-tests were performed, with the results reported in Table 6.23. No statistical 
difference was observed between genders and iron levels at a probability of 0.05 for 
the San Juan population. However, the Rio Negro group did show that females had 
significantly higher concentrations of iron in hair than males.
Table 6.23 F-test and t-test results for the comparison of iron concentrations and gender in
the two study populations.
Population Relationship df(F) F cr it Fca lc df(t) tc rit tca ic Sig? P
SJ F vs. M 52,64 1.54 1.20 116 1.98 -0.23 N <0.05
RN F vs. M 38,23 1.92 1.45 61 2.00 2.04 Y <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probability.
6.7.5 Correlation with Age
The Pearson's Product Moment Correlation Coefficient (r) was calculated for age versus 
iron concentration in the two populations which was then subjected to a t-test as
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described in Appendix A. The results are presented in Table 6.24 and indicate that 
there is no correlation of iron levels with age at the probability of P<0.05 in either 
population.
Table 6.24 Correlation of age and iron concentrations in the two study populations.
Population n r tcrit tcaic Sig? P
S3 118 0.1181 1.96 1.28 N <0.05
RN 63 -0.1344 2.00 1.06 N <0.05
Sig?=Significant, Yes/No; P=Probability.
6.7.6 Influence of Health Status
The influence of health status with respect to iron content in the two populations was 
investigated. The re-grouped data is provided in Appendix D. Significance testing was 
undertaken through F- and t-tests to establish any differences in smoking habits or 
health status. No significant relationships were found between any of the groupings.
6.7.7 Summary
The concentrations of iron found in the human scalp hair samples were found to be 
log-normally distributed and at the lower range of values reported in the literature. 
Statistical analysis has shown there was a significant difference between the two 
locations, with the San Juan population determined to have the greater mean 
concentration. When the data was spilt into gender sub-groups, a statistical difference 
was seen in the Rio Negro population at the 0.05 probability level. However, no 
relationships between iron levels and age or health status were observed.
6.8 Lead
6.8.1 San Juan Population
The distribution of lead in the San Juan group is shown in Figure 6.15 and follows a 
log-normal pattern. An apparent outlier at 16.07 pg/g can also be observed but was 
not found to be significant (low G caic 1.858; high G caic 2.774; n=118, G crit 3.262).
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pg/g SJ All
Arithmetic Mean 2.12
SD 2.35
Geometric Mean 1.39
Median 1.23
Min 0.27
Max 16.07
n 118
Figure 6.15 Distribution of lead in the SJ population.
6.8.2 Rio Negro Population
The population results for lead in the Rio Negro region are summarised in Figure 6.16, 
showing a log-normal distribution. Three specimens were below the detection limit 
equating to approximately 0.14 pg/g in the hair sample. Grubb's outlier tests showed 
no statistical outliers (low Gcaic 2.221; high Gcaic 1.848; n=61, Gcrit 3.032).
pg/g RN All
Arithmetic Mean 3.69
SD 4.07
Geometric Mean 2.10
Median 2.05
Min 0.18
Max 16.02
n 61
Figure 6.16 Distribution of lead in the RN population.
6.8.3 Comparison of Populations
Both populations were log-normally distributed as expected for a non-essential toxic 
element. These findings are also in agreement with the trends found by other 
researchers (Stovell, 1999; Adair, 2002). Additionally, the concentrations found were 
within the ranges described in Table 6.2.
An F-test was used to compare the populations which gave an Fcak: of 1.56. The Fcrit 
value for 60,117 degrees of freedom was 1.43 so a t-test assuming unequal variances 
was used. The calculated tcaic value was found to be 2.51 which exceeds the tent value 
of 1.98 for 101 degrees of freedom at a probability level of <0.05 but not at the
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<0.001 level (W  = 3.39). Therefore, the null hypothesis was rejected showing that 
there is a significant difference between the populations. In this case, the Rio Negro 
population had the highest concentration which corresponds to the measurable levels 
found in the tap water samples (4-12 pg/l) compared to the San Juan group (<1.7 
M9/0-
6.8.4 Influence of Gender
The effect of gender was investigated on the concentration of lead in the hair samples 
from both populations. The results were resolved by gender and Table 6.25 reports the 
calculated descriptive statistics.
Table 6.25 Population data for lead resolved for gender (ug/g).
Population Gender Mean SD GM Median Min Max n
SJ F 1.84 1.77 1.28 1.14 0.27 6.95 65
SJ M 2.45 2.88 1.55 1.44 0.28 16.07 53
RN F 4.12 4.57 1.28 1.75 0.31 16.02 37
RN M 3.03 3.12 1.91 2.13 0.18 11.79 24
SD=standard deviation; GM=geometric mean.
To assess whether there are any differences which can be attributed to gender, F-tests 
and two tailed t-tests were performed, with the results reported in Table 6.26. No 
statistical difference was observed at a probability level of 0.05.
Table 6.26 F-test and t-test results for the comparison of lead concentrations and gender in
the two study populations.
Population Relationship df(F) Fcrit Fcalc df(t) tcrit tcaic Sig? P
SJ F vs. M 52,64 1.54 1.24 116 1.98 -1.21 N <0.05
RN F vs. M 36,23 1.93 1.28 59 2.00 0.54 N <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probability.
6.8.5 Correlation with Age
Regression analysis was performed to determine if age was correlated to the 
concentration of lead in hair. The Pearson's Product Moment Correlation Coefficient (r) 
was calculated and then subjected to a t-test. The results are given in Table 6.27 
showing that there is no correlation between age and lead levels at a probability level 
of 0.05 for'both populations.
Table 6.27 Correlation of age and lead concentrations in the two study populations.
Population n r tcrit tcaic Sig? P
SJ 118 0.0932 1.96 1.01 N <0.05
RN 61 -0.1082 2.00 0.84 N <0.05
Sig?=Significant, Yes/No; P=Probability.
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6.8.6 Influence of Health Status
Lead is a toxic element which may be found in hair due to its ability to act as an 
excretory organ. The levels found in the samples from both regions were found to be 
within ranges previously reported. The effect of lead on health status was also 
investigated (Appendix D). The significant results from the statistical testing are 
summarised in Table 6.28.
Table 6.28 F-test and t-test results for the comparison of lead concentration in hair and health
status in the two study populations.
Population Relationship df(F) F crit F calc df(t) tcrit tcaic Sig? P
SJ GH vs. HT 49,18 2.04 4.93 65 2.00 2.76 Y <0.05
RN GH vs. Bone 25,5 4.52 14.14 29 2.05 2.66 Y <0.05
RN GH vs. Heart 25,5 4.52 9.36 26 2.06 2.10 Y <0.05
SJ GH vs. Liv/Kid 49,8 3.02 24.10 56 2.00 3.86 Y <0.05
Y/N=Yes/No; GH=good health; HT=hyperthyroid; Bone=bone conditions/arthritis; Liv/Kid= 
liver/kidneys; df=degrees of freedom; Sig?=Significant; P=Probability.
As was discussed in Section 6.4.6, the concentration of heavy metals in the body has 
been previously found to correlate with smoking (Sukumar, 2002; Wennberg et al., 
2006). However, this was not observed in the case of lead within these populations. 
Significant relationships were seen between healthy individuals and those reporting 
hyperthyroid problems and liver/kidney conditions in the San Juan group and between 
healthy persons and bone conditions/arthritis and heart complaints in the Rio Negro 
population. In all cases, the levels in the 'good health' group were higher than those 
with medical complaints. Lead is known to interact with calcium, iron, selenium, 
vitamin C and zinc which may explain the variety of significant findings here, as they 
themselves are involved in a great many processes (Groff and Gropper, 2000; Stone, 
2006).
6.8.7 Summary
The concentrations of lead found in the human scalp hair samples were found to be 
log-normally distributed and within the ranges reported in Table 6.2. Significance 
testing has shown there is a difference between the two locations (P<0.001). The 
effect of lead on the health condition of individuals in the two populations showed a 
variety of significant relationships but further work would be required to understand 
this further due to the complex interactions lead has with other influential elements. 
No statistical difference was seen between lead levels and either gender or age.
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6.9 Magnesium
6.9.1 San Juan Population
The distribution of magnesium in hair samples from the San Juan study area is shown 
in Figure 6.17. A log-normal trend was observed with no statistical outliers (low G caic 
2.231; high G caic 1.969; n=117, G crit 3.259).
*  $  $  #  #  &  $  #  &  
Concentrator! Mg (pg/g)
pg/g SJ All
Arithmetic Mean 110.3
SD 97.2
Geometric Mean 74.1
Median 80.3
Min 8.9
Max 480.5
n 117
Figure 6.17 Distribution of magnesium in the SJ population.
6.9.2 Rio Negro Population
Figure 6.18 depicts the log-normal distribution of magnesium in the Rio Negro 
population. The concentration of magnesium in the highest specimen would appear to 
be an outlier but a Grubb's test determined it was not and so was retained (low G i^c 
1.370; high Gc* 2.663 n=61, Gcrit 3.032).
pg/g RN All
Arithmetic Mean 49.7
SD 84.4
Geometric Mean 22.0
Median 12.7
Min 4.3
Max 523.7
n 61
Figure 6.18 Distribution of magnesium in the RN population.
6.9.3 Comparison of Populations
The San Juan and Rio Negro populations both followed log-normal trends with respect 
to the distribution of data points. The concentrations obtained were within the other 
reported ranges quoted in the literature (Table 6.2).
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An F-test was used to compare the populations which gave an Fcaic of 1.57. The Fcrit 
value for 60,116 degrees of freedom was 1.43 so a t-test assuming unequal variances 
was used. A calculated tcaic value of 6.91 was compared to the tcrit value of 3.39 for 101 
degrees of freedom at a probability level of <0.001 level. As a result, the null 
hypothesis was rejected showing there is a significant difference between the two 
populations. Again, the mean concentrations in hair reflect the water levels reported in 
Chapter 4 (SJ=12-45 mg/l; RN=2 mg/l).
6.9.4 Influence of Gender
The effect of gender was investigated on the concentration of magnesium in the hair 
samples from both populations. The data were separated into male and female and 
Table 6.29 reports the calculated descriptive statistics.
Table 6.29 Population data for magnesium resolved for gender (pg/g).
Population Gender Mean SD GM Median Min Max n
SJ F 124.5 103.3 84.4 116.1 8.9 480.5 64
SJ M 93.0 87.2 63.3 64.5 11.9 460.4 53
RN F 64.3 97.6 84.4 28.6 4.3 523.7 38
RN M 25.5 49.2 14.3 10.8 7.3 241.7 23
SD=standard deviation; GM=geometric mean.
To assess whether there are any differences which can be attributed to gender, F-tests 
and two tailed t-tests were performed, with the results reported in Table 6.30. A 
statistical difference was observed in the Rio Negro population at a probability of 0.05. 
The female group has a significantly larger mean than the male group (Table 6.29).
Table 6.30 F-test and t-test results for the comparison of magnesium concentrations and
gender in the two study populations.
Population Relationship df(F) Fcrit Fca lc df(t) tc rit tca ic Sig? P
SJ F vs. M 63,52 1.56 1.14 115 1.98 1.65 N <0.05
RN F vs. M 37,22 1.95 2.41 59 2.00 2.50 Y <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probability.
6.9.5 Correlation with Age
Regression analysis was performed to determine if age was correlated to the 
concentration of magnesium in hair. The Pearson's Product Moment Correlation 
Coefficient (r) was calculated and then subjected to a t-test. The results are given in 
Table 6.31 showing that there is no correlation between age and copper levels at a 
probability level of 0.05 for both populations.
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Table 6.31 Correlation of age and magnesium concentrations in the two study populations.
Population n r tcrit tcaic Sig? P
SJ 117 -0.0221 1.96 0.24 N <0.05
RN 61 -0.1879 2.00 1.47 N <0.05
Sig?=Significant, Yes/No; P=^ Probability.
6.9.6 Influence of Health Status
The separation of the two populations and recalculation of the descriptive statistics 
based on their health status is given in Appendix D. The results of the significance 
testing (F- and t-tests) found no statistical differences with respect to the magnesium 
concentration in hair and lifestyle factors.
6.9.7 Summary
The concentrations of magnesium found in the human scalp hair samples were found 
to be log-normally distributed and consistent with literature data. Significance testing 
has shown that the San Juan population had a larger concentration of magnesium than 
the Rio Negro group (PcO.OOl). A statistical difference was found between male and 
female magnesium concentrations in the Rio Negro population but not in the San Juan 
group. No correlation was seen between magnesium levels and either age, smoking 
habits or health status.
6.10 Manganese
6.10.1 San Juan Population
The results for manganese in the hair samples from San Juan are presented in Figure 
6.19. Seven of the specimens were found to be below the instrumental detection limit 
which approximately equates to 0.11 pg/g in the hair sample. A visual inspection of the 
data shows a log-normal distribution with no statistical outliers, as confirmed by a 
Grubb's test (low Gca|C 2.170; high Gcaic 2.176; n = l l l ,  Gcrit 3.242).
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pg/g SJ AM
Arithmetic Mean 1.69
SD 1.55
Geometric Mean 1.16
Median 1.11
Min 0.17
Max 8.03
n 111
Figure 6.19 Distribution of manganese in the SJ population.
6.10.2 Rio Negro Population
The data from the Rio Negro population was also found to be distributed log-normally. 
Twenty eight of the specimens analysed were below the detection limit. The Grubb's 
analysis showed that the lowest value of 0.13 pg/g was not a statistical outlier (low 
Gcaic 1.297; n=36, G crit 2.823). However, the Gcaic value for the highest concentration of 
manganese (8.14 pg/g) was higher than the G crit value (Gcaic 2.946, G crit 2.823) and was 
therefore rejected. The next highest sample was then tested and was deemed not to 
be an outlier (Gcaic 2.788; n=35, G crit 2.811). The histogram and descriptive statistics
RN All
0.64
0.82
0.42
0.35
0.13
4.58
35
Figure 6.20 Distribution of manganese in the RN population.
6.10.3 Comparison of Populations
Both groups followed log-normal data distributions which is generally consistent with 
other workers (Ryabukhin, 1976; Stovell, 1999). However, Adair (2002) found 
manganese to be normally distributed in scalp hair. Nevertheless, the concentrations 
obtained in this work are consistent with other literature values (Table 6.2).
were recalculated and are shown in Figure 6.20.
pg/g
Arithmetic Mean 
SD
Geometric Mean
Median
Min
Max
n
'V O A \  °> A  J *O- v  V  ' V  ' Y  V  fa* \ y  ^
Concentration Mn (pg/g)
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An F-test was used to compare the variance of the populations. The calculated value of 
Fcaic was 1.09 which is lower than the Fcrit value of 1.64 (for 111,35 degrees of 
freedom). Therefore a t-test assuming equal variances was used. The tcaic was found to 
be 5.89 and was greater than the tcrit value of 3.36 for 144 degrees of freedom at a 
probability level of <0.001. Therefore, the null hypothesis was rejected showing that 
there is a significant difference between the populations; the San Juan group had a 
greater mean than the Rio Negro group.
6.10.4 Influence of Gender
The effect of gender was investigated on the concentration of manganese in the hair 
samples from both populations. The results were separated into male and female 
groups and the descriptive statistics were recalculated (Table 6.32).
Table 6.32 Population data for manganese resolved for gender (pg/g).
Population Gender Mean SD GM Median Min Max n
SJ F 1.63 1.46 1.12 1.11 0.17 6.77 62
SJ M 1.77 1.66 1.21 1.11 0.22 8.03 49
RN F 0.73 0.96 1.12 0.36 0.13 4.58 22
RN M 0.51 0.48 0.38 0.35 0.13 1.95 13
SD=standard deviation; GM=geometric mean.
To establish if there is difference between genders for the two populations, F-tests and 
two tailed t-tests were performed; the results of which are reported in Table 6.33. No 
statistical differences were observed between the genders and manganese levels at a 
probability level of 0.05 for both populations.
Table 6.33 F-test and t-test results for the comparison of manganese concentrations and
gender in the two study populations.
Population Relationship df(F) Fcrit Fca lc df(t) tc rit tca ic Sig? P
SJ F vs. M 61,48 1.58 1.04 109 1.98 -0.45 N <0.05
RN F vs. M 21,12 2.53 1.62 33 2.03 0.52 N <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probability.
6.10.5 Correlation with Age
The Pearson's Product Moment Correlation Coefficient (r) was calculated for age versus 
manganese concentration in the two populations which was then subjected to a t-test 
as described in Appendix A. The results are presented in Table 6.34 and show that 
there is no correlation between manganese levels and age at a probability of 0.05 in 
either population.
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Table 6.34 Correlation of age and manganese concentrations in the two study populations.
Population n r tcrit tcaic Sig? P
SJ 111 0.0527 1.96 0.55 N <0.05
RN 35 -0.0132 2.03 0.08 N <0.05
Sig? Significant, Yes/No; P=Probability.
6.10.6 Influence of Health Status
The influence of health condition was considered by splitting the data into sub-groups 
as decided by the responses collected from the questionnaires. The descriptive 
statistics were then recalculated and are reported in Appendix D. In the case of 
manganese, several statistical comparisons could not be made between groups due to 
the low number of samples in these groups (n<2). Of those with sufficient data, no 
significant differences existed between the variables tested.
6.10.7 Summary
The population distribution of manganese in the hair samples was found to be log­
normal for both San Juan and Rio Negro groups. This was in contrast to the results 
obtained by Adair (2002). However, the concentrations measured were within the 
ranges reported by other researchers. Statistical analysis has shown the San Juan 
population has a significantly higher mean value than the Rio Negro group. However, 
no relationship was found between manganese levels in hair and either gender, age or 
health status in both populations.
6.11 Potassium
6.11.1 San Juan Population
The histogram and descriptive statistics for the concentration of potassium in the San 
Juan population are shown in Figure 6.21. Twenty five specimens were found to be 
below the detection limit which is approximately 1.1 pg/g in the hair sample. A log­
normal distribution is followed. A Grubb's test confirmed there were no outliers in the 
data set (low Gcaic 2.113; high Gcaic 2.002; n=92, Gcrit 3.179).
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pg/g S3 All
Arithmetic Mean 14.5
SD 14.5
Geometric Mean 9.2
Median 7.8
Min 1.2
Max 62.7
n 92
Figure 6.21 Distribution of potassium in the SJ population.
6.11.2 Rio Negro Population
The histogram and descriptive statistics are shown in Figure 6.22 below. There were 
40 specimens which were determined to be below the detection limit which is 66% of 
the total population. The distribution does not appear to be normal or log-normal as a 
log transformation does not produce a symmetrical Gaussian curve, even though the 
geometric mean is close to the median. No outliers were found with Grubb's analysis 
(low Gcaic 1.090; high G caic 2.540; n=21, G crit 2.580).
M9/9 RN All
Arithmetic Mean 18.2
SD 37.2
Geometric Mean 6.8
Median 4.0
Min 1.7
Max 170.2
n 21
Figure 6.22 Distribution of potassium in the RN population.
6.11.3 Comparison of Populations
The San Juan data set was found to be log-normally distributed whereas the Rio Negro 
data appeared to follow another distribution type, possibly due to the smaller sample 
size, which was restricted by the instrumental detection limits. Therefore it was not 
possible to compare the two populations as the underlying assumption of F- and t-tests 
is that the data is normally distributed. However, the concentrations recorded were 
within the ranges reported in Table 6.2.
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6.11.4 Influence of Gender
The impact of gender was investigated on the concentration of potassium in the hair 
samples from both populations. The data were separated into male and female groups 
and Table 6.35 reports the calculated descriptive statistics.
Table 6.35 Population data for potassium resolved for gender (pg/g)-
Population Gender Mean SD GM Median Min Max n
SJ F 12.8 13.3 8.1 6.8 1.2 56.0 46
SJ M 16.2 15.6 10.5 9.6 1.7 62.7 46
RN F 24.6 45.7 8.1 7.5 1.7 170.2 13
RN M 7.7 12.7 4.1 3.1 1.8 39.0 8
SD=standard deviation; GM=geometric mean.
To assess whether there is any differences which can be attributed to gender, an F- 
test and two tailed t-test were only performed on the San Juan data, with the results 
reported in Table 6.36. The Rio Negro data were not treated in this way as a normal or 
log-normal distribution was not observed which is an assumption for both of these 
tests. No statistical difference was found at a probability of 0.05 for the San Juan 
group.
Table 6.36 F-test and t-test results for the comparison of potassium concentrations and
gender in the two study populations.
Population Relationship df(F) F cr it  Fqaic df (t) tc rit tca ic Sig? P
SJ F vs. M 45,45 1.64 1.04 90 1.99 -1.31 N <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probability.
6.11.5 Correlation with Age
Regression analysis was performed to determine if age was correlated to the 
potassium content in hair. The Pearson's Product Moment Correlation Coefficient (r) 
was calculated and then subjected to a t-test. The results are given in Table 6.37 and 
show that there is no correlation between age and potassium levels at a probability 
level of 0.05 for both populations.
Table 6.37 Correlation of age and potassium concentrations in the two study populations.
Population n r tc rit tca ic Sig? P
SJ 92 0.1695 1.99 1.63 N <0.05
RN 21 -0.0086 2.09 0.04 N <0.05
Sig?=Significant, Yes/No; P=Probability.
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6.11.6 Influence of Health Status
The descriptive statistics for the effects of health status on the potassium 
concentration in hair from the two populations under investigation are provided in 
Appendix D. The instrumental detection limit (FAAS) restricted the number of samples 
in each group and therefore the number of statistical comparisons which could be 
made. The results of the significance testing showed no differences between the levels 
of potassium and health status of individuals from San Juan and Rio Negro.
6.11.7 Summary
Potassium was distributed log-normally in the San Juan data set but neither a normal 
or log-normal pattern was observed for the Rio Negro population. Whilst the levels 
measured in this work are within the ranges reported in the literature, the range is 
quite wide and reflects the porosity of data available for potassium concentrations in 
human hair. Significance testing between the two populations was not performed due 
to the unusual distribution of the Rio Negro data (F- and t-tests assume an underlying 
normal distribution). No statistical differences were found between male and female 
potassium concentrations and no correlation was observed with respect to age. 
Additionally, no differences were found as a function of health status of the individual, 
although the small size of the groups may have affected this.
6.12 Selenium
6.12.1 San Juan Population
The histogram and descriptive statistics for selenium measurement in hair samples 
from San Juan are shown in Figure 6.23. Thirty two specimens were found to be below 
the detection limit which was approximately 0.22 pg/g in the hair material. The data 
are normally distributed as shown in the histogram and by the closeness of the 
arithmetic mean, geometric mean and median to each other. No statistical outliers 
were identified (low Gca|C 2.127; high Gca|C 2.984; n=86, Gcrit 3.155).
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Concentration Se (pg/g)
pg/g SJ All
Arithmetic Mean 0.84
SD 0.20
Geometric Mean 0.81
Median 0.83
Min 0.41
Max 1.43
n 86
Figure 6.23 Distribution of selenium in the SJ population.
6.12.2 Rio Negro Population
The results for selenium in the Rio Negro population are shown in Figure 6.24. 
Fourteen specimens were found to be below the detection limit. The data appear to 
follow a log-normal distribution. However, Grubb's outlier tests showed the presence of 
three outliers, the results of which are presented in Table 6.38.
pg/g RN All
Arithmetic Mean 1.23
SD 1.52
Geometric Mean 0.92
Median 0.81
Min 0.32
Max 9.39
n 50
Figure 6.24 Distribution of selenium in the RN population.
Table 6.38 Summary of Grubb's outlier testing on the RN selenium distribution.
Concentration
(pg/g)
Log
concentration
n G ca ic G Crit Reject?
0.32 -0.5 50 1.676 2.956 N
9.39 0.97 50 3.679 2.956 Y
5.47 0.74 49 3.383 2.948 Y
5.18 0.71 48 3.816 2.940 Y
2.53 0.4 47 2.860 2.931 N
The histogram and descriptive statistics were recalculated and are shown in Figure 
6.25. A log-normal distribution is still observed.
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Concentratbn Se (|jg/g)
M9/9 RN All
Arithmetic Mean 0.88
SD 0.41
Geometric Mean 0.81
Median 0.80
Min 0.32
Max 2.53
n 47
Figure 6.25 Distribution of selenium in the RN population after rejection of outliers.
6.12.3 Comparison of Populations
The distributions of selenium were found to differ; the San Juan population follows a 
normal distribution whereas the Rio Negro population is log-normally distributed. Adair 
(2002) reported the log-normal distribution of selenium in scalp hair samples. With 
respect to the concentrations found in this work, the data are with the ranges reported 
in Table 6.2 and those found by Adair (2002).
An F-test was performed to check for differences in the variance of the two 
populations. The F^ ic was determined to be 4.24 which is greater than the Fcrit value of 
1.51 for 46,85 degrees of freedom, so a t-test assuming unequal variances was then 
applied to the data. The calculated tcaic value of 0.69 was less than the tent value of 
2.00 for 58 degrees of freedom at a probability level of <0.05 level. Therefore, the null 
hypothesis was retained proving there is no significant difference between the means 
of the two populations.
6.12.4 Influence of Gender
The effect of gender was investigated on the concentration of selenium in the hair 
samples. The results were separated into male and female groups for both populations 
and the descriptive statistics are reported in Table 6.39.
Table 6.39 Population data for selenium resolved for gender (pg/g).
Population Gender Mean SD GM Median Min Max n
SJ F 0.82 0.20 0.80 0.82 0.41 1.38 46
SJ M 0.86 0.20 0.84 0.85 0.47 1.43 40
RN F 0.85 0.39 0.80 0.81 0.32 2.53 32
RN M 0.94 0.46 0.86 0.75 0.46 2.15 15
SD=standard deviation; GM=geometric mean.
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To determine if there are any differences which can be attributed to gender, F-tests 
and two tailed t-tests were performed, the results of which are given in Table 6.40. 
The tcaic values show that the male levels were higher than the female levels, but this 
was not significant at a probability of 0.05.
Table 6.40 F-test and t-test results for the comparison of selenium concentrations and gender
in the two study populations.
Population Relationship df(F) Fcrit F calc df(t) fcrit tcaic Sig? P
SJ F vs. M 45,39 1.68 1.00 84 1.99 -0.86 N <0.05
RN F vs. M 14,31 2.03 1.28 45 2.01 -0.63 N <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probability.
6.12.5 Correlation with Age
Regression analysis (r) was performed to establish if there was link between age and 
selenium concentration in the two populations. This value of r was then subjected to a 
t-test as described in Appendix A. The results are given in Table 6.41 and the findings 
show there is no significant correlation between selenium levels with age at a 
probability level of 0.05.
Table 6.41 Correlation of age and selenium concentrations in the two study populations.
Population n r tc rit tca ic Sig? P
SJ 86 0.0783 1.99 0.72 N <0.05
RN 47 0.0069 2.01 0.05 N <0.05
Sig?=Significant, Yes/No; P=Probability.
6.12.6 Influence of Health Status
The two populations were separated based on their health status and the descriptive 
statistics were recalculated, which are reported in Appendix D. As was found with the 
measurement of potassium, the instrumental detection limit (ICP-MS) has restricted 
the size of the groups. No significant differences were observed with respect to the 
concentration of selenium and health status.
6.12.7 Summary
The concentrations of selenium found in human scalp hair samples obtained from 2 
populations in Argentina were found to have different distributions; the San Juan 
group followed a normal distribution whereas the Rio Negro group was log-normally 
distributed even after the rejection of 3 outlying data points. The concentrations 
observed were within the ranges reported by other researchers. A statistical
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comparison has shown there is no significant difference between the two locations and 
no relationship between selenium levels and either gender, age or lifestyle factors. 
However, instrumental detection limits may have affected these results.
6.13 Sodium
6.13.1 San Juan Population
The histogram and descriptive statistics for the concentration of sodium in the San 
Juan population are shown in Figure 6.26. One specimen was found to be below the 
detection limit which is approximately 1.2 pg/g in the hair material. A log-normal 
distribution of data was found with apparent outliers at the maximum of the data 
range. However, a Grubb's test confirmed that there were none present (low Gcaic 
2.861; high G ^  3.186; n=92, Gcrit 3.259).
pg/g SJ All
Arithmetic Mean 21.9
SD 22.8
Geometric Mean 16.6
Median 15.7
Min 2.2
Max 158.4
n 117
Figure 6.26 Distribution of sodium in the SJ population.
6.13.2 Rio Negro Population
The results for sodium in the Rio Negro population are shown in Figure 6.27. One of 
the specimens was found to be below the detection limit. The data appear to follow a 
log-normal distribution but with some possible outliers. The Grubb's outlier test results 
are presented in Table 6.42 and showed the presence of four erroneous values which 
were subsequently rejected. The histogram and descriptive statistics were then 
recalculated and are presented in Figure 6.28. A log-normal distribution was still 
observed after rejection of the outlying data points.
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pg/g RN All
Arithmetic Mean 37.7
SD 144.6
Geometric Mean 11.9
Median 9.3
Min 3.7
Max 1031.7
n 60
Figure 6.27 Distribution of sodium in the RN population.
Table 6.42 Summary of Grubb's outlier testing on the RN sodium distribution.
Concentration
(pg/g)
Log
concentration
n G ca ic G Crit Reject?
3.7 0.57 60 1.236 3.025 N
1031.7 3.01 60 4.759 3.025 Y
480.8 2.68 59 5.112 3.019 Y
114.2 2.06 58 4.385 3.013 Y
49.2 1.69 57 3.579 3.006 Y
27.0 1.43 56 2.606 3.000 N
Concentration Na (pg/g)
pg/g RN All
Arithmetic Mean 10.4
SD 4.8
Geometric Mean 9.6
Median 9.0
Min 3.7
Max 27.0
n 56
Figure 6.28 Distribution of sodium in the RN population after rejection of outliers.
6.13.3 Comparison of Populations
Both groups were found to follow log-normal data distributions with respect to the 
sodium concentration in scalp hair. The concentrations measured in this work ranged 
from 2.2 to 158.4 pg/g, although greater than 97% of the data were less than 50 
pg/g. The literature values quoted in Table 6.2 show a large variation in the levels of 
sodium in hair. This could be due to other unknown factors such as geography or salt 
consumption. Despite this, the work of Wang and co-workers showed that the sodium 
content of hair (in combination with magnesium, potassium and calcium) enabled
217
Chapter Six -  Results and Discussion
differentiation between controls and sufferers of Blackfoot Disease in Taiwan (Wang et 
at., 2006).
An F-test calculated an Fcaic value of 3.19 which is greater than the Fcrit value of 1.49 
(for 116,55 degrees of freedom). Therefore a t-test assuming unequal variances was 
used. The tcaic was found to be 6.51 which was greater than the tcrit value of 3.35 for 
167 degrees of freedom at a probability level of <0.001. As a result of this test, it is 
concluded that the San Juan population has significantly higher sodium levels in scalp 
hair than the Rio Negro group, which corresponds well to the drinking water levels 
(SJ=170-320 mg/l; RN=17 mg/l sodium).
6.13.4 Influence of Gender
The effect of gender on the concentration of sodium in the hair samples from both 
populations was examined. The results were separated into male and female groups 
and the descriptive statistics were recalculated (Table 6.43).
Table 6.43 Population data for sodium resolved for gender (pg/g).
Population Gender Mean SD GM Median Min Max n
SJ F 21.7 25.2 16.0 14.9 2.2 158.4 65
SJ M 22.2 19.4 17.5 17.2 3.1 133.8 52
RN F 9.6 3.8 16.0 8.6 3.7 18.4 34
RN M 11.7 5.9 10.7 9.7 7.0 27.0 22
SD=standard deviation; GM=geometric mean.
To establish if there is difference between genders for the two populations, F-tests and 
two tailed t-tests were performed; the results of which are reported in Table 6.44. No 
statistical differences were observed between the genders and sodium levels for both 
locations.
Table 6.44 F-test and t-test results for the comparison of sodium concentrations and gender in
the two study populations.
Population Relationship df (F) Fcrit Fcalc df(t) tcrit tcaic Sig? P
SJ F vs. M 64,51 1.58 1.04 109 1.98 -0.45 N <0.05
RN F vs. M 21,33 2.53 1.62 33 2.03 0.52 N <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probability.
6.13.5 Correlation with Age
The Pearson's Product Moment Correlation Coefficient (r) was calculated for age versus 
sodium concentration in the two populations which was then subjected to a t-test. The
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results are presented in Table 6.45 and show that there is no significant correlation 
between sodium levels and age in the San Juan population. However, the 
concentration of sodium in the Rio Negro individuals was found to have a negative 
relationship with age, i.e. sodium levels decreased as the population aged.
Table 6.45 Correlation of age and sodium concentrations in the two study populations.
Population n r tcrit tcalc Sig? P
SJ 117 0.1050 1.96 1.13 N <0.05
RN 56 -0.2863 2.01 2.20 Y <0.05
Sig?=Significant, Yes/No; P=Probability.
6.13.6 Influence of Health Status
The effect of sodium on the health status of the two populations was also examined. 
The descriptive statistics for the groupings were recalculated and are provided in 
Appendix D. Significance testing was performed on the various groups in relation to 
health condition or smoking habits, finding no statistical differences between them.
6.13.7 Summary
The population distribution of sodium in the hair samples was found to be log-normal 
for both groups. The concentrations measured in this work showed some agreement 
with ranges reported by other researchers but there is large discrepancy in literature 
values, as shown in Table 6.2. Statistical analysis has revealed the San Juan population 
had a significantly larger mean sodium content in the hair samples compared to the 
Rio Negro population. However, no relationship was found between sodium levels in 
hair and gender or health status in both populations. A negative correlation between 
age and sodium levels was observed in the Rio Negro group but not in the San Juan 
group.
6.14 Zinc
6.14.1 San Juan Population
The distribution and descriptive statistics of zinc in the San Juan hair samples is shown 
in Figure 6.29. A normal distribution was observed with a possible outlier at the 
maximum end of the range. This was assessed using a Grubb's test. The results are 
summarised in Table 6.46 which show that two values were rejected. Therefore the 
histogram and descriptive statistics were recalculated and are shown in Figure 6.30. A 
normal distribution is still observed.
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Concentration Zn (|jg /g ) ______
pg/g SJ All
Arithmetic Mean 174.4
SD 44.5
Geometric Mean 168.8
Median 174.0
Min 63.1
Max 398.9
n 118
Figure 6.29 Distribution of zinc in the SJ population.
Table 6.46 Summary of Grubb's outlier testing on the SJ zinc distribution.
Concentration (pg/g) n G ca ic G c r it Reject?
63.1 118 2.503 3.262 N
398.9 118 5.050 3.262 Y
317.7 117 3.656 3.259 Y
289.2 116 3.168 3.257 N
30
Concentration Zn (pg /g )
pg/g SJ All
Arithmetic Mean 171.2
SD 37.2
Geometric Mean 166.7
Median 172.6
Min 63.1
Max 289.2
n 116
Figure 6.30 Distribution of zinc in the SJ population after rejection of outliers.
6.14.2 Rio Negro Population
The zinc data set for the Rio Negro samples is depicted in Figure 6.31. As with the San 
Juan histogram, a normal distribution is also obsen/ed with a possible maximum 
outlier. The values were subjected to a Grubb's outlier test and two values were 
rejected (Table 6.47). The histogram and descriptive statistics were recalculated, as 
shown in Figure 6.32. Again, as with the San Juan data (Figure 6.30), a normal 
distribution is still observed.
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|jg/g RN All
Arithmetic Mean 178.0
SD 46.1
Geometric Mean 172.6
Median 174.7
Min 76.7
Max 380.6
n 64
Figure 6.31 Distribution of zinc in the RN population.
Table 6.47 Summary of Grubb's outlier testing on the RN zinc distribution.
Concentration (pg/g) n G ca ic G c r it Reject?
76.7 64 2.198 3.049 N
380.6 64 4.398 3.049 Y
301.0 63 3.277 3.044 Y
248.1 62 2.137 3.037 N
pg/g RN All
Arithmetic Mean 172.7
SD 35.3
Geometric Mean 168.9
Median 172.5
Min 76.7
Max 248.1
n 62
Figure 6.32 Distribution of zinc in the RN population after rejection of outliers.
6.14.3 Comparison of Populations
In both populations, before and after rejection of outliers, a normal distribution was 
observed. This is in agreement with previously reported data regarding zinc levels in 
human hair (Ryabukhin, 1976; Monasterios et al., 1986; Taylor, 1986; Stovell, 1999; 
Adair, 2002). The concentrations recorded in this work are also within the ranges 
reported in the scientific literature (Table 6.2). This is expected perhaps due its 
essential role within the body, but has been seen previously, it is not always the case 
with respect to hair analysis. One possible explanation could be that the mechanism of 
zinc incorporation into the hair matrix is under more rigorous control than for other 
elements and its strong binding affinity to cysteine (Groff and Gropper, 2000).
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In order to compare the populations, an F-test was performed to determine if the 
variances of the two data sets vary significantly. The FcaIc value was calculated at 1.12 
which is lower than the Fcrit value of 1.47 for 115,61 degrees of freedom. This indicated 
that there was no difference in the variances so a t-test was performed assuming 
equal variance. W  was calculated as 0.26 which was less than the t^t value of 1.97 
for 176 degrees of freedom at a probability level of 0.05. Therefore the null hypothesis 
was retained and it can be concluded that there is no significant difference between 
the populations. From this result, it could be postulated that zinc is under strict 
homeostatic control in the body and external factors such as geographical location are 
not important. It has also been reported that the concentration of zinc is constant 
throughout the length of a hair strand over a period of several years (Chittleborough 
and Steel, 1980).
6.14.4 Influence of Gender
To investigate the effect of gender on the concentration of zinc in the hair samples, the 
results were separated into male and female sub-groups and the recalculated 
descriptive statistics are provided in Table 6.48.
Table 6.48 Population data for zinc resolved for gender (pg/g).
Population Gender Mean SD GM Median Min Max n
SJ F 166.5 39.2 161.4 172.2 63.1 289.2 63
SJ M 176.8 34.3 173.2 172.9 87.6 249.0 53
RN F 170.0 39.6 161.4 167.7 76.7 248.1 38
RN M 177.1 27.1 175.0 181.6 122.9 222.0 24
SD=standard deviation; GM=geometric mean.
To assess whether there are any differences which can be attributed to gender, F-tests 
and two tailed t-tests were performed, with the results reported in Table 6.49. An 
inspection of the mean values in Table 6.48 show that female zinc levels in hair are 
lower than male but this was not statistically different at a probability level of 0.05.
Table 6.49 F-test and t-test results for the comparison of zinc concentrations and gender in 
___________the two study populations._______________________________________________
Population Relationship df (F) F cr it Fca lc df(t) tcrit tca lc Sig? P
SJ F vs. M 62,52 1.56 1.30 114 1.98 -1.48 N <0.05
RN F vs. M 37,23 1.93 2.13 60 2.00 -0.84 N <0.05
df=degrees of freedom; Sig?=Significant, Yes/No; P=Probability.
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6.14.5 Correlation with Age
The Pearson's Product Moment Correlation Coefficient (r) was calculated and then 
subjected to a t-test, the results of which are presented in Table 6.50. Both 
populations show negative correlations of age against zinc concentration in hair, 
although only the San Juan group was statistically correlated. This is somewhat 
contrary to the hypothesis that zinc levels are consistent throughout the hair fibre 
(Chittleborough and Steel, 1980).
Table 6.50 Correlation of age and zinc concentrations in the two study populations.
Population n r tcrit tcaic Sig? P
SJ 116 -0.2125 1.96 2.32 Y <0.05
RN 62 -0.1944 2.00 1.54 N <0.05
Sig?=Significant, Yes/No; P:^ Probability.
6.14.6 Influence of Health Status
The influence of health status with respect to the concentration of zinc in hair from the 
two populations was investigated. The re-grouped data is shown in Appendix D. 
Significance testing was undertaken through F- and t-tests to establish any differences 
in smoking habits or health status. As Table 6.51 shows, a significant difference was 
found in the Rio Negro hyperthyroid group. In this case, the healthy group had a 
higher mean concentration of zinc than those suffering from hyperthyroidism (181.3 
pg/g versus 159.0 pg/g respectively), which could be expected as zinc is thought to be 
required for activation of the thyroid hormone T3 (Freake et al., 2001). Therefore in 
cases of hyperthyroidism, more zinc is used in the binding of T3 resulting in less 
excretion. Unfortunately, this was only seen in the Rio Negro group so it is not possible 
to conclusively deduce this and as many other factors are involved, such as dietary 
availability, further investigation would be required.
Table 6.51 F-test and t-test results for the comparison of zinc concentration in hair and health
status in the two study populations.
Population Relationship df (F) F crit F calc df(t) tcrit tcaic Sig? P
RN GH vs. HT 13,25 2.14 1.70 38 2.02 2.07 Y <0.05
Y/N=Yes/No; GH=good health; HT=hyperthyroid; df=degrees of freedom; Sig?=Significant; 
P=Probability.
6.14.7 Summary
Both populations were found to follow a normal distribution which is consistent with 
literature data. The concentrations of zinc determined in the human scalp hair samples
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were also found to be within the ranges quoted in Table 6.2. Significance testing has 
revealed no statistical differences between the two populations (P<0.05). There was 
no statistically relevant effect of gender on the zinc concentrations in hair but age was 
found to be correlated in the San Juan population. With respect to health status, a 
significant relationship was found between healthy individuals and hyperthyroid 
sufferers in the Rio Negro group.
6.15 Inter-Elem ent Correlations
In Chapter 1, section 1.7.2, the roles of the elements investigated in this work were 
discussed in relation to their effect on the human body. Many biological processes are 
dependent on minor and trace elements and specifically to these elements to function 
correctly (Mertz, 1981). However, these processes can be impaired by the presence of 
other elements which may have synergistic or antagonistic effects on the biological 
process. Some elements are known to exhibit these relationships, such as the 
antagonism between zinc and cadmium or copper and manganese, or the synergism 
between iron and selenium (Groff and Gropper, 2000). Therefore, an investigation into 
any correlations between the elements analysed in this work was performed.
The Pearson's Product Moment Correlation Coefficient (r) was calculated for each pair 
of elements and in both the San Juan and Rio Negro populations independently 
(Appendix A). The value of r can range from -1 to +1, with -1 being a perfect negative 
correlation (as x increases, y decreases) and +1 is a perfect positive correlation (as x 
increases, y increases). The value of r was then subjected to a t-test to determine if r 
was significant at the 95% confidence interval (P<0.05). If tcaic was greater than tcrit for 
n-2 degrees of freedom, then a statistically significant relationship is observed 
(Appendix A). The results are presented in Tables 6.52 and 6.53 for the San Juan and 
Rio Negro groups respectively. Any significant correlations are highlighted in red.
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Table 6.52 Inter-element Product Moment Correlation Coefficients (r) for the San Juan
population. Those highlighted in red were significant at the 0.05 probability level.
B As Cd Ca Cu Fe Pb Mg Mn K Se Na Zn
n 118 72 88 116 111 118 118 117 111 92 86 117 116
B 1.000
As 0 .0 3 7 1.000
Cd 0 .1 6 4 0.236 1.000
Ca -0 .0 5 1 -0.375 -0 .0 1 7 1.000
Cu 0.341 -0 .0 3 3 0.267 0 .005 1.000
Fe -0 .0 4 1 -0.128 0 .0 5 4 0.561 -0.218 1.000
Pb 0.291 0 .0 7 0 0.413 -0.184 0 .071 0 .1 6 7 1.000
Mg 0 .1 5 9 -0.357 0 .025 0.814 0 .1 0 4 0.462 -0 .1 7 7 1.000
Mn 0.001 -0 .1 9 9 -0 .0 8 6 0.414 -0 .0 7 2 0.381 -0 .0 4 9 0.392 1.000
K -0 .0 6 0 0 .1 9 0 -0 .1 4 5 -0.278 -0.203 -0 .0 7 6 0 .151 -0.329 0 .0 1 3 1.000
Se 0.304 -0.238 0 .1 2 8 -0.278 0.209 -0.208 0.275 -0.182 -0 .0 3 9 0 .0 5 2 1.000
Na -0.011 -0 .031 -0 .1 0 7 0 .0 4 9 -0.001 0 .0 8 9 -0 .0 6 5 -0 .0 2 3 0 .1 0 0 0.623 -0 .1 4 8 1.000
Zn -0.239 -0 .2 2 5 -0 .1 7 4 0.235 0 .1 0 7 0 .0 5 3 -0 .1 2 0 0 .091 0 .0 4 5 0 .0 5 7 0 .0 1 3 0.257 1.000
Table 6.53 Inter-element Product Moment Correlation Coefficients (r) for the Rio Negro 
population. Those highlighted in red were significant at the 0.05 probability level.
B As Cd Ca Cu Fe Pb Mg Mn K Se Na Zn
n 64 0 49 62 64 63 61 61 35 21 47 56 62
B 1.000
As
Cd 0.384 1.000
Ca -0 .004 0 .194 1.000
Cu -0 .0 6 0 0.291 0 .152 1.000
Fe -0 .0 7 6 0 .1 2 4 0.845 0.270 1.000
Pb 0 .108 0.409 0.171 0.277 0 .233 1.000
Mg -0 .0 4 4 0 .082 0.875 0 .059 0.771 0 .0 7 2 1.000
Mn -0 .0 6 6 -0 .201 0.715 0 .049 0.732 0 .017 0.783 1.000
K -0 .1 4 3 -0.394 0.694 -0.344 0.751 -0 .1 7 5 0.872 0.876 1.000
Se 0 .147 -0 .255 -0 .2 2 6 -0 .2 2 7 -0.282 -0 .223 -0 .2 3 6 -0 .181 0 .0 6 4 1.000
Na 0.332 0 .1 0 4 0 .125 0 .008 -0 .021 -0 .0 9 8 0 .049 0 .009 0.658 0 .143 1.000
Zn -0 .0 7 0 -0 .197 -0 .0 3 0 0 .085 -0 .1 5 4 -0 .2 0 8 -0 .086 -0 .144 -0 .2 9 8 0.041 0.105 1.000
NB -  no data is shown for arsenic as all samples for the RN population were below the 
detection limit
The results in Tables 6.52 and 6.53 show several significant correlations were 
observed. In both populations, the following positive relationships were found: Cd-Cu, 
Cd-Pb, Ca-Fe, Ca-Mg, Ca-Mn, Ca-K, Cu-Fe, Fe-Mg, Fe-Mn, Mg-Mn, Mg-K and K-Na. A 
significant negative relationship was found between Fe-Se. Strong correlations, as 
indicated by the magnitude of r, were observed between Ca-Fe, Ca-Mg and K-Na and 
were found to be greater than 0.6.
6.16 Chapter Summary
6.16.1 Elemental Data and Population Distribution
The results presented in this Chapter for elemental concentrations in human scalp hair 
samples are summarised in Table 6.54, showing the descriptive statistics mean, 
standard deviation, geometric mean, median, range and the number of samples in
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each group. The distribution information and results of the statistical comparisons of 
the two populations are summarised in Table 6.55.
Table 6.54 Summary of descriptive statistics of the elements measured in human scalp hair 
___________from San Juan and Rio Negro (values in pg/g unless stated).___________________
Element Group Mean SD GM Median Range n
Boron
SJ 2.26 1.53 1.91 1.90 0.54 -  8.26 118
RN 1.23 0.62 1.08 1.02 0.34 -  2.82 64
SJ 21.0 19.5 11.9 16.0 0.28 -  76.5 72
Arsenic __. _ . _
RN <0.16 - “ - - “
Cadmium SJ 105.7 52.3 94.9 92.6 33.9 -  308.4 88
(ng/g) RN 185.5 72.9 172.9 167.5 93.8 -  376.5 49
SJ 1688 1119 1345 1342 353 -  5865 116ra lr ii im
RN 957 1197 502 407 57 -  6131 62
SJ 16.8 4.6 16.3 15.9 9 .8 -3 2 .2 111
Copper RN 28.4 14.7 25.8 23.4 11 .4 -88 .9 64
Iron
SJ 30.8 14.6 27.5 27.9 8 .4 -8 0 .5 118
RN 16.0 14.7 12.0 11.2 2.8 -  79.8 63
Lead
SJ 2.12 2.35 1.39 1.23 0.27 -  16.07 118
RN 3.69 4.07 2.10 2.05 0.18 -  16.02 61
SJ 110.3 97.2 74.1 80.3 8.9 -  480.5 117
Magnesium RN 49.7 84.4 22.0 12.7 4.3 -  523.7 61
SJ 1.69 1.55 1.16 1.11 0.17 -  8.03 111
Manganese RN 0.64 0.82 0.42 0.35 0 .13 -4 .58 35
SJ 14.5 14.5 9.2 7.8 1 .2 -6 2 .7 92im
RN 18.2 37.2 CT> CO 4.0 1.7 -  170.2 21
SJ 0.84 0.20 0.81 0.83 0.41 -  1.43 86pnium
RN 0.88 0.41 0.81 0.80 0 .32 -2 .53 47
SJ 21.9 22.8 16.6 15.7 2.2 -  158.4 117
Snniiim
RN 10.4 4.8 9.6 9.0 3.7 -  27.0 56
SJ 171.2 37.2 166.7 172.6 63.1 -  289.2 1167inr
RN 172.7 35.3 168.9 172.5 76 .7 -248 .1 62
SD=standard deviation; GM=geometric mean.
Overall, the elemental levels determined in both populations were found to be within 
the literature ranges quoted in Table 6.2. The exception to this was the concentration 
of arsenic found in the San Juan group, where the majority of the samples analysed 
were above the typical maximum of 1.2 pg/g (Table 6.2). Also differences in 
concentration at localised regions within San Jose de Jachal area were found. A 
significant number of samples were also far above the highest concentration found in 
an arsenic afflicted region of northern Argentina which repotted a maximum of 20 pg/g 
in hair (Astolfi et al., 1981). This requires further investigation. Whilst the 
concentrations of calcium and sodium were within typical ranges, their levels were
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found to be variable within the two populations, yet other workers have used these as 
markers for disease diagnosis (MacPherson and Bacso, 2000; Wang etal., 2006; Pasha 
etal., 2007).
Table 6.55 Summary of the distribution information and statistical comparison of San Juan and 
Rio Negro data sets for all elements investigated. Y=yes a significant difference, 
__________ N=no significant difference. P=probability.__________________________________
Element Group Distribution Significant? P
Boron SJ
RN
Log-normal
Log-normal Y <0.001
Arsenic
SJ
RN
Log-normal
nd -
Cadmium SJ
RN
Log-normal
Log-normal
Y <0.001
Calcium SJ
RN
Log-normal
Log-normal
Y <0.001
Copper SJ
RN
Log-normal
Log-normal
Y <0.001
Iron SJ
RN
Log-normal
Log-normal
Y <0.001
Lead
SJ
RN
Log-normal
Log-normal
Y <0.001
Magnesium
SJ
RN
Log-normal
Log-normal
Y <0.001
Manganese SJ
RN
Log-normal
Log-normal
Y <0.001
Potassium
SJ
RN
Log-normal
nd -
Selenium
SJ
RN
Normal
Log-normal
N <0.05
Sodium SJ
RN
Log-normal
Log-normal
Y <0.001
Zinc SJRN
Normal
Normal
N <0.05
nd=not done.
It is typically expected that essential elements follow a normal distribution and non­
essential and toxic elements follow a log-normal type due to the lack of homeostatic 
control (Adair, 2002). The elemental patterns of both populations were found to be 
log-normally distributed with the exception of the selenium in the San Juan group and 
zinc in both populations. This is consistent with other findings indicating that the 
elemental levels in hair are perhaps not subject to the same metabolic regulation as 
other tissues and fluids, except for zinc (Monasterios et al., 1986; Stovell, 1999; Adair, 
2002). Also with the exclusion of selenium and zinc, significant differences were
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observed between the two study groups, San Jose de Jachal in San Juan and General 
Roca, Rio Negro. These differences were significant at the 0.001 probability level.
6.16.2 Influence of Gender
The effect of gender on the distribution of elements in the two populations was 
investigated as it is known that trace element requirements and levels can differ 
between the genders, all of which may influence the content of hair (Sukumar, 2002). 
Therefore, the two populations were split into male and female sub-groups and the 
data were subjected to significance testing. Of the elements under investigation in this 
work, the calcium levels were distinctly higher in females than males in both 
populations. This is in agreement with the findings of Ashraf et at. (1994) and 
Rodushkin and Axelsson (2000b). In the Rio Negro group, differences between the 
genders were also observed for iron and magnesium, where female concentrations 
were greater than male levels. The review by Sukumar (2002) provides references 
which agree with this observation but also some which show higher iron levels in 
males. Additionally, this review highlights other conflicting results where either higher, 
lower or no differences were found between elemental levels and gender. In this work, 
no other variation was observed between the genders.
6.16.3 Correlation With Age
The influence of age was also assessed to discover whether time played a role in the 
elemental levels present in human scalp hair. Only three significant correlations were 
observed, which were for cadmium and manganese in the Rio Negro population and 
zinc in the San Juan group. All three relationships had negative values of r, i.e. as age 
increases, the elemental concentration decrease which was also concluded in the 
review by Sukumar (2002). No other relationships were found, indicating that overall, 
age does not affect the elemental content of hair; however this should be confirmed 
with repeated measurements on the same individuals over time or using discrete 
sections along the length of the hair (Robertson, 1999; Srogi, 2006).
6.16.4 Influence of Health Status
The relationship between elemental concentration and health status is very strongly 
linked for many of the elements measured in this work. The use of hair as a biomonitor 
as a non-invasive method to determine health status has been previously 
demonstrated (Morton et a!., 2002a; Srogi, 2006; Sela et a!., 2007; Gellein et a!.,
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2008). In general, for the majority of elements and health conditions investigated, no 
significant differences were found; Table 6.56 summarises the cases where statistical 
relationships were observed.
Table 6.56 Summary of the significance testing results, showing those relationships which are 
__________ statistically different.____________________________________________________
Element Population Relationship Probability
Boron SJ GH vs. Bone <0.05
SJ GH vs. Liv/Kid <0.05
Cadmium RN GH vs. Bone <0.05
RN GH vs. Heart <0.05
Calcium SJ GH vs. Bone <0.05
Lead SJ GH vs. HT <0.05
SJ GH vs. Liv/Kid <0.05
RN GH vs. Bone <0.05
RN GH vs. Heart <0.05
Zinc RN GH vs. HT <0.05
GH=good health; HT=hyperthyroid; Bone=bone conditions/arthritis; Liv/Kid= liver/kidneys.
Of these, the most interesting and most important for this work, is the relationship 
between bone problems/arthritis and both boron and calcium concentration. Previous 
research has shown this link but the testing has involved the use of invasive sampling 
protocols, from blood and urine measurements to bone and teeth (Ward, 1987; Abou- 
Shakra et al., 1989; Havercroft, 1989; Nielsen and Shuler, 1992; Ward, 1993; 
Moseman, 1994). These results demonstrate the possibility to use hair as a simple and 
easy to collect biomonitor. However, further research needs to be conducted as a 
similar trend was not observed in the Rio Negro population which is likely to be due to 
the small size of the group reporting bone/arthritis problems. This was also a problem 
with other elemental relationships and should be addressed with larger study 
populations.
6.16.5 Elemental Correlations
Several statistically significant elemental correlations were observed in both 
populations, with the following relationships in common: Cd-Cu, Cd-Pb, Ca-Fe, Ca-Mg, 
Ca-Mn, Ca-K, Cu-Fe, Fe-Mg, Fe-Mn, Fe-Se, Mg-Mn, Mg-K and K-Na. Some of these 
correlations have been previously reported (Ashraf et al., 1994; Rodushkin and 
Axelsson, 2000b; Chojnacka et al., 2005; Pasha et al., 2007). Also, the following 
elements can be grouped together: Cd-Cu-Pb and Ca-Fe-Mg-Mn which exhibit positive 
relationships and interestingly, would appear to reflect similar chemical properties and 
their occurrence in nature (Rodushkin and Axelsson, 2000b).
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7.1 Introduction
Boron is widely distributed in the environment and is essential for normal plant 
development (Warrington, 1923; Gupta et a!., 1985). Typically, the concentration 
found in the natural environment is low; Tables 1.2, 1.4 and 1.8 summarise the boron 
content in waters, soils, sediment, plants and foodstuffs. Although required for plant 
growth, the complete role of boron has yet to be fully understood (Section 1.2.5). 
There is also a narrow region between deficiency, normal and toxic status, in addition 
to large variations in tolerance among plant species (Blevins and Lukaszewski, 1994; 
Banuelos et a!., 1999). Boron deficiency is a large worldwide problem in agriculture 
whereas toxic levels in the natural environment are scarce (Gupta et a!., 1985). The 
region of San Jose de Jachal, Argentina, suffers from this rare natural toxicity 
phenomenon and provided a unique study opportunity due to the presence of human 
inhabitants. Other regions of boron toxicity are typically unpopulated arid or semi-arid, 
desert-like locations such as the Middle East and Southern Australia (Nable et al., 
1997; Argust, 1998). Much international literature refers to the problem of boron 
deficiency and its diagnosis; however, there is a lack of information regarding the 
toxicity of boron in the natural environment (Gupta et al., 1985; Stone, 1990; Howe, 
1998; Carpena et al., 2000). This work has investigated the presence of boron and 
other elements of agricultural and human health interest in this locality in order to 
increase knowledge in this subject (Chapter 3 and 4.2). This region was compared with 
another, non-affected area within Argentina, namely General Roca, Rio Negro (Chapter
4.3).
The effect of natural long term environmental exposure to high levels of boron was 
examined in the San Jose de Jachal region. Previously reported toxicity studies have 
only investigated the health effects of accidental or occupational exposure to boron 
compounds and laboratory dosing experiments using boric acid (Dieter, 1994; 
Moseman, 1994; Whorton et al., 1994; Tuccar et al., 1998; World Health Organisation, 
1998; World Health Organisation, 2003a). To date, no work has researched the impact 
of boron with respect to endogenous exposure. Therefore, hair was used as a 
biomonitor to provide a non-invasive means of assessing the correlation between 
environmental and human levels, and consequently the relationship to human health 
(Chapter 6).
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Additionally, the export market for Argentinean wines is increasing and the San Jose de 
Jachal region has a suitable climate for the cultivation of grapes for wine production. 
However, grapes are known to be sensitive to the presence of boron (Table 1.7) and 
whilst tolerant varieties are available, the resultant concentration of boron in the final 
wine was another consideration due to its mobility in the environment (Kabata-Pendias 
and Pendias, 1984; Babelis and Battistella, 2005). There is a deficit of information 
regarding these factors in the literature, therefore an investigation into the mobility of 
boron in grapevines and the creation of a comparison database of elemental levels in 
wine was undertaken in this work (Chapter 5).
The aim of this work was to gain information about this unique region afflicted by 
boron toxicity with respect to the environmental levels present and its effect on the 
indigenous population.
The main objectives were to:
• establish analytical methodology to measure boron reliably, in an attempt to 
overcome the inherent problems with analysis, through the use of inter­
method comparisons and reference materials (certified where possible);
• determine the concentration of boron and other key elements in waters 
(river, tap and irrigation), soils, sediments and agricultural crops from 
vineyards and local rural homes in the region of San Jose de Jachal, San 
Juan, Argentina. This was compared with a non-affected (control) area of 
Argentina, namely General Roca, Rio Negro;
• determine the boron content and other key elements in human scalp hair 
from local residents who are exposed to the boron contaminated water and 
who consume predominantly food produced in their own gardens. Again
this was compared with a non-affected area, namely General Roca,
Argentina; and
• evaluate the human health status of the two populations in relation to the 
elemental content of hair using a multi-component questionnaire.
Both the aim and main objectives of this work were achieved. The analytical
methodological issues were addressed in Chapter 2, with appropriate dilution and
digestion of samples and optimised analysis conditions. Chapter 3 reported the results 
of an initial study in the San Jose de Jachal region in 2005. The sampling problems
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encountered and areas of further interest were addressed in the main study in 2006 
(Chapter 4). An association with Institute Nacional de Tecnologia Agropecuaria (INTA) 
produced a study into the mobility of boron in grapevines and its concentration in wine 
(Chapter 5). A human biomonitoring investigation was also undertaken to determine 
the elemental status of individuals living in the boron-affected region in comparison to 
a non-affected area (Chapter 6). The following subsections describe these areas in 
more depth.
7.2 Analytical Techniques and Methodology
Analytical measurements require the accurate and precise determination of an analyte 
in a particular matrix using analytical equipment. There are many stages to this 
process which must be considered to prevent analyte loss and sample contamination. 
Boron is a ubiquitous element in the environment and laboratory. It was necessary to 
use plastic storage containers, sample collection vessels and volumetric flasks which 
were thoroughly cleaned by soaking in nitric acid before use.
The sampling methodology for this research was outlined in Section 2.2. All samples, 
with the exception of waters, collected during the initial study in 2005 (Table 3.1) were 
decomposed using a microwave digester (Section 2.3.2.2). However, the unit was 
unavailable for the subsequent samples collected in 2006 (Tables 4.1 and 4.5, Sections 
5.1.1 and 6.1.3), therefore digestion methodologies were developed for the analysis of 
soil, sediment, plant material and hair based on literature methods (Hunt and Shuler, 
1989; Campana etal., 1992; Carrero etal., 1993; Zaijun etal., 1999; Yermiyahu etal., 
2001; Stead, 2002). These were validated through the use of certified reference 
materials and spike recoveries (Tables 2.1, 2.2 and 2.9-2.13). Soil and sediment 
samples were digested by open vessel wet dissolution using a mixture of concentrated 
nitric acid and hydrofluoric acid heated on a hotplate (Section 2.3.2.2). Plant material 
was placed in a muffle furnace and dry ashed for 2 hours at 500°C, followed by 
addition of concentrated hydrochloric, acid on a hotplate to dissolve the ash (Section
2.3.3.1). The hair samples were also digested using a wet chemical method, namely 
the use of concentrated nitric acid and 30% hydrogen peroxide were used in PTFE 
beakers with lids on a hotplate (Section 2.3.5.1). Digestion was not performed for the 
analysis of water and wine/grape juice samples; the solutions were simply diluted in an 
appropriate diluent prior to measurement (Sections 2.3.1.2 and 2.3.4.1 respectively).
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Several instrumental techniques were utilised in this work, namely flame atomic 
absorption spectrometry (FAAS) for Ca, Fe and Mg, atomic emission spectrometry 
(AES) for K and Na, inductively coupled plasma mass spectrometry (ICP-MS) for As, B, 
Ba, Cd, Cu, Fe, Li, Mn, Pb, Rb, Se, Sr and Zn, and molecular spectroscopy (B), which 
also required validation to ensure accurate and precise measurements. This was 
achieved through inter-technique comparisons (where possible) and the use of certified 
reference materials (Section 2.5). Any instrumental drift was monitored and corrected 
for if necessary (Section 2.4.1.5). The analytical figures of merit, namely detection 
limits and instrumental precision, were provided in Table 2.14.
With ICP-MS, an internal standard was used to correct for any drift and non- 
spectroscopic interferences such as ionisation suppression caused by the presence of 
easily ionised elements, such as sodium. Additionally, the determination of boron by 
ICP-MS required specialised optimisation to ensure maximum sensitivity. The 
instrumental parameters for forward power and nebuliser flow rate were found to have 
the largest effect on ionisation efficiency (Figure 2.12). Problems were encountered 
with respect to memory effects caused by the 'sticky' nature of boron, with its 
adhesion to the tubing and glassware of the ICP. A literature review provided several 
solutions to this problem which were tested for their efficacy (Section 2.4.3.3). This 
resulted in the use of two different washout solutions between analyses, where 0.1 M 
NH3 was used during the analysis of water and wine/grape juice and 0.15 M HN03 for 
all acid digested samples (Figure 2.13). A spectroscopic interference was identified 
during the measurement of boron in wines and grape juice, caused by the presence of 
carbon. The pronounced effect on both boron isotopes was overcome by changing the 
quadrupole pole bias and 'resolution' (effectively the peak window) parameters.
In conclusion, validated methodologies were established for the collection of samples 
(Section 2.2), the digestion or dilution of all of the different sample types encountered 
in this work (Section 2.3) and for the instrumental techniques employed (Section 2.4).
7.3 The Prelim inary Study
This initial study was conducted in 2005 in the San Jose de Jachal region in order to 
establish the feasibility of further work by identifying key sites and to determine the 
sampling strategy. Section 3.2 describes the region and the detailed locations of the
234
Chapter Seven -  Conclusions
environmental samples. Additionally, wine, olive oil, hair and tooth samples were 
provided.
In all water samples with the exception of site 3, the concentrations of boron (2.90­
5.65 mg/l) and arsenic (60-111 pg/l) were found to be higher than typical literature 
values and greatly above the World Health Organisation (WHO) recommended 
maximum guideline values (0.3 mg/l boron, 10 pg/l arsenic) (Sections 3.3.2 and 3.3.3). 
Site 3 was sampled from a different river system before flowing into the Cuesta del 
Viento dam, as indicated by the results (0.43 mg/l boron, 51 pg/l arsenic). The levels 
of calcium present in all water types were just within normal ranges, 2-150 mg/l 
(Bowen, 1979). However, the concentration of magnesium in the samples showed a 
split with sites 1-6 having low values (<12 mg/l) and sites 7-9 having high values (79­
113 mg/l) (Section 3.3.5). The UK has a maximum allowable limit of 50 mg/l for 
drinking water which was exceeded in the tap water samples from site 9 (Fifield, 
2000). Interestingly, the concentration of sodium in river waters followed an opposite 
trend to that observed for calcium and magnesium (Section 3.3.6). A series of other 
elements were also measured, namely cadmium, copper, iron, lead, manganese, 
selenium, and zinc, for exploratory purposes, however only copper, selenium and zinc 
were detected in the samples. No trends were identified and the concentrations were 
found to be within normal ranges (Section 3.3.7). Correlation analysis was performed 
against boron, arsenic, calcium, magnesium and sodium in the water samples and 
highlighted several significant relationships (P<0.05). Positive correlations were found 
between B-Mg, As-Na and Ca-Mg, whereas negative relationships were observed 
between B-Na, As-Ca, As-Mg and Mg-Na (Section 3.3.8).
River sediments and soils from commercial and domestic agricultural sites were 
analysed for boron, arsenic and selenium but selenium was found to be below the 
detection limit for ICP-MS, <0.26 mg/kg. The results were presented in Section 3.4. 
The levels of boron, ranging between 31-78 mg/kg, were found to be greater than 
literature values, 2-20 mg/kg (Table 1.4), and the trend through the river system was 
significantly correlated to the water samples (P<0.05). The concentration of boron in 
soils showed a range of values from 154 to 1558 mg/kg which is greater than ranges 
typically reported (2-100 mg/kg, Table 1.4). These levels would be expected to cause 
developmental problems for crops but this did not appear to be a problem at these 
sites, which confirms the findings of Banuelos et al. (1999), who found differing
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tolerances to boron within a plant species. Arsenic concentrations (7-35 mg/kg) were 
generally above the worldwide average of 10 mg/kg but this is known to be highly 
variable due to the underlying geochemistry of the region. However, in contrast to the 
boron results, no significant relationship was observed between the water and 
sediment samples (P<0.05).
The plant materials collected were analysed for boron, arsenic and selenium but only 
boron was detected (Section 3.5). No obvious trend was found which was attributed to 
the difficulty in maintaining the same species at each location which highlighted the 
inherent variability between different species. Therefore river-side plants were not 
included in the main study.
As the region of San Jose de Jachal has the ideal climate for the agriculture of grapes 
and olives, it would be advantageous to develop these industries to enhance the local 
economy. However, grapevines in particular are sensitive to the concentration of boron 
in irrigation water (Table 1.7), although tolerant varieties have developed (Banuelos et 
al., 1999; Babelis and Battistella, 2005). There was also the question of how much 
boron is transferred to the final product. A chardonnay wine sample and olive oil 
sample from the region were obtained and analysed for boron (Section 3.6). The wine 
contained 15.3 mg/l which is greater than the literature range (1.4-10 mg/l, Table 5.2) 
and a South African wine measured by ICP-MS (5.0 mg/l). This led to a collaborative 
investigation with INTA San Juan and a comparison study of worldwide wines which 
was described in Chapter 5. Problems were encountered with the analysis of the olive 
oil samples as microwave digestion was unsuccessful and direct measurement by 
inductively coupled plasma optical emission spectrometry by BP-Castrol Technology 
Centre showed no detectable boron (<1 mg/l). It was therefore not possible to 
continue with this avenue of investigation despite the need for data on boron in edible 
oils as currently no literature data exists.
This initial investigation also looked at the viability of using hair and teeth as 
biomonitors for measuring boron uptake in the population living in the San Jose de 
Jachal region (Section 3.7). The two hair samples from San Jose de Jachal contained 
higher levels (1.26 and 3.30 pg/g) when compared to previous surveys in Rio Negro, 
Patagonia, Argentina and the UK (range 0.18-0.57 pg/g) but were within literature 
ranges (Table 1.10). The concentration of boron in the San Jose de Jachal tooth
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samples ranged between 10.3 to 14.9 pg/g which is higher than average values 
previously reported (3.9-5 pg/g) but still within the literature range of 0.5-70 pg/g 
(Ward, 1987; Havercroft, 1989). However, due to the difficulty in obtaining samples 
and reported differences in elemental levels caused by the condition of the tooth and 
type (i.e. molar, incisor, etc), this had to be abandoned. Therefore only collection of 
hair samples was undertaken in the main study in 2006; the results of which were 
reported in Chapter 6.
This preliminary investigation identified key environmental sites in the San Jose de 
Jachal region, containing high concentrations of boron and arsenic, requiring further 
exploration in the main study. It had highlighted difficulties with the sampling of plant 
material in the natural environment and tooth samples for the biomonitoring of boron. 
Problems were also encountered with the oil samples due to the complex nature of this 
matrix. However, overall the results of the preliminary study have shown the need for 
further data which was taken forward in the main study conducted in 2006 (Chapters 
4, 5 and 6).
7.4 The Main Study
In the main study, the area of investigation in San Jose de Jachal was expanded to 
cover a larger portion of the region. It was also compared to a control region in 
Argentina, namely General Roca, Rio Negro, in order to establish any differences 
between a low and high boron area. It also added extra information about the natural 
levels present in Argentina and in comparison to worldwide averages. The sampling 
locations for General Roca were given in Section 4.3.1 and sites of the new samples 
collected from San Jose de Jachal were detailed in Section 4.2.1. Boron and several 
other key elements were determined, namely arsenic, calcium, copper, lead, 
magnesium, potassium, selenium, sodium and zinc.
In the water samples from both regions, the following elements were detected in some 
or all of the specimens: boron, arsenic, calcium, copper, lead, magnesium, potassium, 
selenium, sodium and zinc. The levels found in these new samples from San Jose de 
Jachal (Section 4.2.2) showed good agreement with those obtained Section 3.3. As 
was previously found, the concentration of boron, arsenic, magnesium and sodium 
exceeded typical literature values and/or recommended and regulatory limits, see
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Sections 4.2.2.2, 4.2.2.3, 4.2.2.5 and 4.2.2.7 respectively. Potassium was also 
measured in these samples (Section 4.2.2.6) and the concentrations determined in the 
majority of the river water (7.7-20.5 mg/l) and all of the irrigation water samples 
(11.8-23.2 mg/l) were above commonly reported ranges for fresh water (0.5-10 mg/l) 
(Fifield, 2000). In contrast, the majority of samples from the General Roca region were 
generally found to be within normal literature ranges and below guidance limits 
(Section 4.3.2). The main exception to this was site 7, the Rio Neuquen between 
Neuquen and Cipolletti, where the concentrations of boron, copper, magnesium, 
potassium, selenium and sodium, far exceeded the surrounding areas and in some 
cases, literature and regulatory limits. No explanation could be offered for this 
difference other than an unidentified localised source of contamination. Also of 
particular concern were the detectable levels of lead found in the tap water samples, 
one of which exceeded the WHO maximum guidance limit of 10 pg/l (Table 4.33). 
Correlation analysis showed several significant inter-elemental relationships (P<0.05) 
in both populations which were summarised in Tables 4.17 and 4.34 for San Jose de 
Jachal and General Roca respectively. A statistical comparison of the two regions was 
performed using F- and t-tests; the results of which were summarised in Table 4.37. 
Significant differences were observed between the two regions at the 95% confidence 
interval with respect to the content of boron and potassium in river water, all elements 
in irrigation water and all elements in tap water except zinc.
Sediments and soils were collected in the San Jose de Jachal region and only 
sediments in the General Roca area. Measurable quantities of boron, arsenic, copper, 
lead and zinc were found in both groups and both media. The concentration of boron 
and arsenic in sediments from San Jose de Jachal (Figure 4.8 and 4.11) reflected the 
levels found in the previous study (Section 3.4) and, as such, were greater than typical 
literature data (2-20 mg/kg boron, 10 mg/kg arsenic). Additionally, significant 
relationships (P<0.05) were found between the water levels and sediment 
concentrations for both boron and arsenic which was not observed in the previous 
study for arsenic. The boron concentration in soils (Table 4.18) was also greater than 
literature data (Table 1.4), whereas the arsenic content was considered to be within 
normal ranges. The amount of copper, lead and zinc in both soils and sediments (Table 
4.20) were also found to be within typical ranges (Table 4.21). The sediment samples 
from the General Roca region were found to contain boron levels above those reported 
in the literature (2-20 mg/kg) compared with 34-93 mg/kg determined in this work
238
Chapter Seven -  Conclusions
(Section 4.3.3.1). Through correlation analysis, it was confirmed at the 0.05 probability 
level that the river sediments followed the same trend as the water samples but this 
was not replicated for the irrigation channel samples. In the case of arsenic (Section
4.3.3.2), the concentrations found were much lower than those from San Jose de 
Jachal and over a much smaller range of values. No significant relationship was found 
between the sediment and water at the 95% confidence interval. The levels of copper, 
lead and zinc in the sediments (Table 4.35) were found to be within normal literature 
ranges (Table 4.21) and were similar to those from San Jose de Jachal. The samples 
were also subjected to a sequential extraction procedure in order to determine the 
geochemical distribution of boron, arsenic, copper, lead and zinc. In general, profiles 
were similar in both regions, with the majority of the elemental content present in the 
residual fraction (Table 4.42). Several significant inter-element interactions (P<0.05) 
were found in the sediments and soils from San Jose de Jachal (Tables 4.23 and 4.24) 
but not for the Rio Negro samples, either when considered as a whole or when spilt 
into river and irrigation samples (Table 4.36). Statistical analysis (F- and t-tests) was 
undertaken in order to compare the two populations; the results of which were 
reported in Table 4.38. At the 95% confidence interval, the concentrations of boron, 
arsenic and lead were found to be significantly different to each other whereas copper 
and zinc were not. This indicates that these elements (boron, arsenic and lead) are 
more susceptible to regional variation than copper and zinc.
This chapter has reported the results of an environmental survey conducted in two 
regions of Argentina for comparative purposes. The concentration of boron in both 
waters and sediments from San Jose de Jachal was found to be significantly higher 
than the Rio Negro region (P<0.05). It also enabled the collection of further data 
regarding the concentrations of boron in environmental media, adding to the distinct 
lack in the current literature. Furthermore, selected other elements of interest were 
also determined (namely arsenic, calcium, copper, lead, magnesium, potassium, 
selenium, sodium and zinc). Geochemical fractionation was employed to determine the 
elemental distribution in soils and sediments, which was the first time the BCR protocol 
was applied to boron.
7.5 The INTA Collaboration and W ine Study
A partnership was created with INTA San Juan to investigate the mobility of boron in 
grapevines and its resultant concentration in wine. This also led to the development of
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an elemental database in order to establish reference values for boron and other 
elements (namely barium, calcium, copper, lead, lithium, magnesium, manganese, 
rubidium, strontium and zinc) in wine from other countries, due to the deficit and 
variability of available literature information (Table 5.2).
The trial was conducted using chardonnay and cabernet sauvignon, planted in three 
rows of each variety (Section 5.1.2). Irrigation water, soil and different parts of the 
plant were sampled on three occasions over a 6 month period. The irrigation water 
contained levels of boron which were consistent with those reported in the San Jose de 
Jachal region (Section 5.1.3). The soil concentrations appeared to show an increase 
over time indicating accumulation in the soil matrix (Figure 5.1). In both varieties, the 
leaves showed an increasing trend with a maximum average (mean of the three rows) 
of 189 and 288 pg/g for chardonnay and cabernet sauvignon respectively (Section 
5.1.5). The different parts of the plant showed different trends, as is shown in Figures
5.2 and 5.3. The apex shoots had initial concentrations of 93 and 113 pg/g boron for 
chardonnay and cabernet sauvignon which decreased to 29 and 26 pg/g by the third 
sampling period. Contrastingly, the levels in the basal and middle shoots and the roots 
remained moderately consistent with an average of 23 pg/g boron throughout the trial 
in both varieties. The grape juice extracts were found to contain appreciable quantities 
of boron -  16.0 and 25.7 mg/l for chardonnay and cabernet sauvignon -  which were 
reduced in the final product by 38% and 42%, corresponding to 9.9 and 14.9 mg/l 
respectively (Table 5.1). Due to the lack of literature data available, it is not possible to 
make any firm conclusions about the levels present in grapes, but the limited 
information regarding boron in wine, as highlighted in Table 5.2, showed that the 
chardonnay was in the upper range and the cabernet sauvignon was almost 50% 
above the maximum level quoted of 10 mg/l. This experiment has demonstrated the 
mobility of boron within a natural system under field conditions. However, it was not 
possible to determine the mode of boron transport due its complex nature. The high 
concentrations found in the leaves of the plant would suggest passive transport but the 
lower levels found in the basal or older shoots with the higher values found in apex or 
young shoots suggested active transport.
A control database of elemental levels in wine was compiled to increase the knowledge 
in this field and to determine whether the levels found in the wines above are 
significantly different to those from other wine producing countries. Samples of both
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chardonnay and cabernet sauvignon from other regions of Argentina as well as 
Australia, California, Chile, New Zealand and South Africa, were obtained and analysed 
as summarised in Section 5.2.2. The concentration of barium, boron, calcium, copper, 
lead, lithium, magnesium, manganese, rubidium, strontium and zinc were quantified 
and presented in Figures 5.6-5.16. The levels observed were generally within the 
literature ranges quoted in Table 5.2, the main exceptions being higher levels of 
strontium in both wine types and lower levels of calcium in chardonnay. Also, the 
concentrations of copper and lead in the San Jose de Jachal cabernet sauvignon 
samples were extremely different to the control samples and literature ranges, which 
could be a result of the manufacturing process but requires further investigation. An 
interesting pattern was also found for the rubidium and strontium levels measured 
within the chardonnay groups from Chile, New Zealand and South Africa. There 
appeared to be a distinct high/low split with the samples which was inverted between 
the two elements, as shown in Tables 5.6 and 5.7. No explanation could be attributed 
to this effect. Correlation analysis showed significant inverse relationships (P<0.05) 
between Li-Ba, Li-Mg, Li-Mn, Li-Rb and Rb-Sr, in both wine types (Section 5.2.15). 
Statistical testing was undertaken to determine if the wines from San Jose de Jachal 
were different to those from other locations, by means of F- and t-tests, and were 
summarised in Tables 5.11 and 5.12 for chardonnay and cabernet sauvignon 
respectively. The results for boron were of key consideration as this was the driving 
force for this part of the investigation. Significant differences (P<0.05) were observed 
between the boron concentrations of the San Jose de Jachal chardonnay wines and 
those from a control Argentinean group and from Australia but not different from 
Californian, Chilean, New Zealand and South African chardonnays. With respect to 
cabernet sauvignon, a statistical difference (P<0.05) was found between San Jose de 
Jachal wines and Californian but not between Australian and Chilean. For the other 
elements measured, in general the San Jose de Jachal chardonnay samples were 
significantly different (P<0.05) to those from Argentina, Australia, California and South 
Africa, whereas Chilean and New Zealand wines were not. Overall, the cabernet 
sauvignon wines from Australia, Chile and New Zealand were significantly different 
(P<0.05) to those from San Jose de Jachal for the majority of the elements.
Additionally, these results were used to highlight the value of chemometrics in 
analytical chemistry. Linear discriminant analysis was applied to both varieties which 
produced a model to enable classification of unknown samples based on their trace
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element composition (Section 5.2.16). The model created for both wine types was 
validated using the 'remove one and repeat' methodology. The results of this testing 
were presented in Table 5.10, showing that the chardonnay model correctly identified 
55.3% and the cabernet sauvignon model classified 82.6% accurately. This showed 
that the chardonnay model was not particularly well fitted whereas the cabernet 
sauvignon model showed reasonable prediction efficiency. This could be attributed to 
the number of groups/countries in each wine type (chardonnay=7, cabernet 
sauvignon=4) and that some groups contained considerably less data points. In order 
to improve this, further data should be collected to add to the model of each wine type 
to increase the prediction accuracy, which has been demonstrated previously to 
greater than 90% (Almeida and Vasconcelos, 2003; Taylor etal., 2003; Garcia-Ruiz et 
al., 2007; Pellerano etal., 2008; Serapinas etal., 2008).
This chapter investigated the mobility of boron in grapevines to establish whether 
boron is present in appreciable amounts in the final wine product. When compared to 
wines from other countries, in general, no major differences were observed which 
could have substantial impact on the local economy if wine could be produced in this 
region.
7.6 Human Tissue Analysis
The results for the hair samples measured in Chapter 3 (Section 3.7.1) showed the 
potential for using scalp hair as a biomonitor to investigate the impact of naturally 
elevated boron levels on the indigenous population in terms of health status; this has 
not been previously reported. This study was undertaken alongside the environmental 
survey in 2006, with samples also acquired from the control region of General Roca, 
Rio Negro. A digestion methodology was established (Section 2.3.5.1) and the 
elemental levels of arsenic, cadmium, calcium, copper, iron, lead, magnesium, 
manganese, potassium, selenium, sodium and zinc, were quantified by a combination 
of ICP-MS, FAAS and AES (Section 2.4); the results were presented in Chapter 6.
The elemental concentrations determined in the hair samples from the two populations 
were summarised in Table 6.54. In general, the levels found were within typical 
literature ranges (Table 6.2) with the exception of arsenic where unusually large 
concentrations were found (mean 21.0 pg/g, maximum 76.5 pg/g), almost 4 times that
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of a known arsenic afflicted region of Argentina (20.0 pg/g) (Astolfi eta/., 1981). Apart 
from zinc in both populations and the selenium data from the San Juan group, log­
normal distributions were observed. Whilst this is consistent with other investigations, 
usually essential elements are expected to follow a normal trend whereas non-essential 
ones are log-normally distributed (Monasterios et a/., 1986; Stovell, 1999; Adair, 
2002). This could indicate that hair is not subject to the same metabolic control 
mechanisms as other tissues/fluids, with hair just acting as an 'excretory sink' and 
therefore independent of internal processes. Yet numerous studies have also 
determined its use a diagnosis tool and hair analysis is employed by several large 
worldwide organisations (EPA, IAEA and WHO) as a biomonitor (MacPherson and 
Bacso, 2000; Peng et a/., 2000; Morton et a/., 2002a; Morton et a/., 2002b; Mandal et 
a/., 2003; Chojnacka eta/., 2005; Srogi, 2006; Pasha eta/., 2007; Gellein eta/., 2008).
Statistical testing (F- and t-tests) was used to compare the elemental levels of the two 
populations under investigation in this work. Overall, with the exception of selenium 
and zinc, significant differences were observed at the 0.001 probability level (Table 
6.55). This is likely to be a result of the different regions as, in general, the 
concentrations were within global references ranges (Table 6.2). Diet is also an 
important factor and whilst it was addressed in the questionnaire, this was purely 
qualitative information; the analysis of foodstuffs was not undertaken in this work. The 
diets were considered to be similar in both regions but the sources will have been 
different, therefore any future work should consider this.
The influences of other factors such as gender, age and health status were also 
investigated as elemental levels in tissues are known to vary due to these reasons. The 
data for the two populations were spilt into male and female sub-groups and compared 
using F- and t-tests. Several significant relationships were found at the P<0.05 level 
(Section 6.16.2). The concentration of calcium in females was higher than in males for 
both geographical groups, which was in agreement with other studies (Ashraf et a/., 
1994; Rodushkin and Axelsson, 2000b). Additionally, in the Rio Negro population, iron 
and magnesium levels were higher in females than males. The effect of age was, in 
general, not a significant factor in the elemental concentrations of human hair as only 
three significant negative relationships (P<0.05) were found for cadmium and 
manganese in the Rio Negro population and zinc in the San Juan group (Section
6.16.3). The influence of health status on elemental levels was also investigated
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through statistical testing: smokers versus non-smokers; and healthy individuals versus 
those reporting the following conditions hyperthyroidism, bone conditions/arthritis, 
heart problems, liver/kidney dysfunction and digestive disorders. In most cases, no 
significant differences were observed (P<0.05). A summary of the statistically different 
relationships was provided in Table 6.56. Of these, the most worthy of note was the 
link between boron and calcium concentrations and the incidence of bone conditions 
and arthritis. This has been reported previously in other tissues but not in hair 
(Nielsen, 1985; Nielsen and Shuler, 1992; Meacham et ah, 1994). Whilst further work 
needs to be performed with a larger sample group, this work has demonstrated the 
principle of using hair as a non-invasive monitoring technique.
As with the elemental levels reported in the environmental study and wine survey, 
inter-element relationships were determined (Section 6.15). Several correlations were 
found to be significant (P<0.05) which were in accordance with other literature trends 
and some of the links could be further grouped reflecting their chemistry and natural 
occurrence (Ashraf et al., 1994; Rodushkin and Axelsson, 2000b; Chojnacka et al., 
2005; Pasha eta/., 2007).
In conclusion, Chapter 6 has reported the results from a study monitoring the 
elemental levels in scalp hair from two regions of Argentina. Additionally, the unique 
environment of San Jose de Jachal, San Juan, allowed an investigation into natural 
boron exposure as toxicity studies in the literature refer to laboratory-based tests using 
boric acid. It also provided an opportunity to increase the knowledge regarding the 
content of boron, and other selected other elements, in hair with respect to gender, 
age and health status.
7.7 Further Remarks
This work has provided a unique insight into the influence of boron in the natural 
environment and the resultant human exposure to high boron levels in comparison to 
an unaffected region of Argentina. Due to the lack of literature data regarding boron 
toxicity in general and particularly within South America, this work has provided much 
needed information. However, there is still scope for further investigation.
244
Chapter Seven -  Conclusions
As was discussed in Section 1.5, speciation analysis is an ever-expanding and 
important area of chemical and biological measurement. In this work, sequential 
extraction of sediments and soils was undertaken as a means of understanding the 
mobility of boron in the terrestrial environment, and the grapevine study showed that 
the transport in plant systems still requires further investigation. The elucidation of the 
boron-containing compounds present in the soil, soil solution and plant fluids would 
enable a greater understanding of its role within plant systems and its bioavailability to 
plants and animals.
Additionally, the measurement of boron in edible oils was attempted in Chapter 3 as, 
to date, there is no reported information regarding the levels present. However, as was 
discussed, the sample preparation and measurement were not straightforward for oils 
and could not be continued in this work. However there is still a need for data in this 
field.
In recent years, the reported use of isotope ratios for geographical identification and 
counterfeit detection has increased. It has found use in a large range of applications 
from environmental, forensic, foods and pharmaceuticals (Font et al., 2007; Garcia- 
Ruiz et at., 2007; Rauch et a!., 2007; Santamaria-Fernandez et al., 2008; Swoboda et 
at., 2008). The natural isotopic ratio for boron is known to vary in nature and this has 
been applied to rocks, water, coffee beans and wine (Gregoire, 1987; Sah and Brown, 
1998; Vengosh, 1998; Rose et a!., 2000; Wieser et al., 2001; Coetzee and Vanhaecke, 
2005), providing a unique fingerprint for a particular region. This could be applied to 
the San Jose de Jachal region in the form of a tracer study in order to identify the 
environmental source of boron (Rose et a/., 2000; Gonfiantiantini and Pennisi, 2006). 
This could not be performed in this work due to the instrumental limitations, as a high 
degree of precision is needed in order to detect the slight differences in ratio, which 
was not achievable with the Finnigan MAT SOLA ICP-MS. For the ultimate precision in 
isotope ratio determination, the use of a multi-collector ICP-MS is required, which 
involves a significant financial investment ca. £500000.
The use of borates as a flame retardant (Section 1.1.3) may see a resurgence of 
interest due to the restrictions recently applied to many commonly used halogenated 
flame retardants (World Health Organisation, 1997). In 2006, the implementation of 
European Union legislation (2002/95/EC and 2002/96/EC) has banned the use of the
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widely employed brominated flame retardants, leading to a search for alternative 
chemicals. However the toxicity, leachability and bioaccumulation properties of borates 
when incorporated into the final products should be thoroughly investigated.
This research has provided much needed data in the field of natural boron exposure in 
the environment and has addressed the inherent problems of boron analysis. This work 
presented elemental data from regions of Argentina, previously unreported by other 
workers. Furthermore, the use of scalp hair as a marker for boron exposure was also 
uniquely described. Additional information on other key minor and trace elements was 
also obtained and the inter-elemental relationships explored. Yet, as illustrated above, 
there are still many other considerations requiring investigation in this area.
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A l .  Data Manipulation
The raw data for the analytical techniques implemented in this work, were treated in 
two ways. The raw data obtained by atomic absorption spectroscopy, inductively 
coupled plasma mass spectrometry and molecular spectrometry, were entered into and 
processed using Microsoft Excel®. The data from the atomic emission spectrometer 
was manipulated using the WinLab32™ software (PerkinElmer, Beaconsfield, UK) as 
non-linear calibration was employed for the analysis of potassium and sodium, as 
described in Section 2.4.2.4, before exporting into an Excel® spreadsheet for further 
treatment. The concentrations determined from the calibration curves were corrected 
where necessary for instrumental drift followed by any dilution factors applied/such as 
the initial sample mass and final digest mass. The final results for the sample location 
or population were then subjected to calculation of descriptive statistics such as mean, 
standard deviation, relative standard deviation, median and geometric mean as 
appropriate. The equations used to calculate these values are provided in Section A2. 
Suitable significance testing, namely Grubb's outlier test, F-test and t-tests, were then 
undertaken, which is described in the subsequent section and Figure A2.1 summarises 
the statistical approach taken for the wine comparison database and the human 
biomonitoring study. Regression analysis was also used to determine the linearity of 
calibration curves and inter-element relationships in the various media investigated in 
this work; the method of calculation is given below.
A2. Statistical Equations
The equations and significance tests used in this work are described below. For further 
information and explanation, the reader is referred to Farrant (1997) and Miller and 
Miller (2000). The critical values for the significance testing were also obtained from 
these sources.
Arithmetic mean
The arithmetic mean (x ) of n measurements of x, is calculated as follows:
n
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Standard Deviation
The standard deviation (s) of n measurements is the measurement of the spread of 
data within a range, and is defined as follows:
s =
I ( X ,
n -1
where x,= x value and x -  arithmetic mean of x values.
Relative Standard Deviation
Relative standard deviation (RSD), also known as the coefficient of variance, is used to 
measure the spread of a data set and is calculated as follows:
/Z5Z?%= 4 x 1 0 0
where s=  standard deviation and x  = arithmetic mean of the data set.
Geometric Mean
The geometric mean is more appropriate than the arithmetic mean when the 
population is log-normally distributed. It is calculated as the nth root of the product of 
the data set:
Geometric Mean=njxx x2 ■...xn
Median
The median is another way of expressing the central tendency of a dataset. It often 
gives a better approximation of the mean particularly with small n and is independent 
of outliers. It is calculated by taking the middle value of the dataset when arranged in 
ascending order or, when n is even, by taking the average of the two middle values.
Least Squares Line Fit
In order to obtain quantitative information from the various instruments used in this 
work, it was necessary to perform a calibration using standards of known 
concentrations. From the concentrations and the instrumental response, a least 
squares line fit can be applied to derive an equation of the form y = mx + c, which is
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then used to calculate the concentration of unknown samples. The regression line for 
the least squares line fit is calculated as follows:
Elfo-*)0w)]
Slope — m — J — = r, zcj-----
E \x'-x)i
Intercept - c  = y  -  mx 
where x/=x value, x = mean of x values, // = y value, y -  mean of y values.
Pearson Product Moment Correlation Coefficient
The Pearson's product moment correlation coefficient (/) was used to estimate how 
well experimental points fit to the least squares regression line. It can range from -1 to 
+1, with a value close to ±1 indicating a very good fit to a straight line, i.e. the 
presence of a correlation. It is calculated as follows:
YX(x,-ny,-y)\
r  = ■
JL /
where x, = x value, x  = mean of x values, y, = y value, y  = mean of y values. 
Coefficient of determination (R2)
The coefficient of determination (R2) is the square of the Pearson product moment 
correlation coefficient (r) which for the purposes of linear calibration, R2 = r2.
Limit of detection
The detection limit of an instrument is an important analytical parameter. It is 
calculated using:
Limit of detection = yB + 3sB 
where yB = the analyte concentration giving a signal equal to the blank and sB = 
standard deviation of the blank.
Recovery
The percentage recovery of a sample spiked with a known amount of standard allows 
identification of any problems in the sample preparation process and the analytical 
measurement technique. Values of 90-110% are desirable.
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Recovery , f e t e ^ $ t e ] -b * ]xloo
[sample]
Outlier Identification -  Grubb's Test
A Grubb's test is used to statistically test for outliers and is performed by calculating a 
value of G and comparing it to G-critical values at the 95% confidence interval. Any 
values where Gcaic>GCrit maybe rejected as outliers. However, outlier removal should 
not be performed when the population is suspected to not have a normal distribution.
\x -  suspect\ 
s
F-test
An F-test compares the difference in the standard deviations of two samples. The 
calculated value is compared to an F-critical value at the 95% confidence interval for 
na- l  and nb- l  degrees of freedom. The value of F is calculated as follows:
F  =  s a 2 l s b 2
where sa and sb are the standard deviations of the two populations, and they are 
allocated such that the value of F is always > 1.
Student t-test
A Student t-test is used to calculate the significance of a difference between a known 
value (/y), e.g. for a reference material, and the mean ( x )  and standard deviation (s) 
of experimental data. The calculated value is compared to the t-critical value for n-1 
degrees of freedom at the 95% confidence interval.
,  _ (x-p)4n  
s
t-test Assuming Equal Variance
This is used to compare two experimental means assuming that the samples are drawn 
from populations with equal standard deviations (assessed using an F-test). The 
calculation of t also requires the calculation of the pooled standard deviation, ps. The t
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value is compared with the t-critical value for ni+n2-2 degrees of freedom at the 95% 
confidence interval.
where j^and ;r2are the means of population 1 and 2, s* and s2 are the respective 
standard deviations.
t-test Assuming Unequal Variance
When the variances of the two populations being compared are shown to be 
significantly different (by means of an F-test), the following t-test is performed. A 
further calculation for the degrees of freedom (df) is also required as it is not 
appropriate to use the pooled standard deviation. The result of the calculation is 
usually not an integer, so it is rounded to the nearest integer.
where ;qand x2are the means of population 1 and 2, sx and s2 are the respective 
standard deviations.
Paired t-test
The paired t-test is used for comparing pairs of data such as when a single sample has 
been measured by two analytical techniques. It uses the differences between the data 
values obtained for the two methods to calculate t. This value is compared with the t- 
critical value for n-1 degrees of freedom at the 95% confidence interval.
t ( t i -X i)
2 (/71 - l ) 5 12 +  (/72 - l ) 5 2
p -  (p^ n ,- 2 )
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t= d yfn
~  sd
where d = mean of the differences between data pairs and sd = standard deviation of 
the differences.
t-test for Linear Regression
The significance of the Pearson product moment correlation coefficient (/) can be 
established using a t-test. The calculated value is compared to the t-critical for n-2 
degrees of freedom at the 95% confidence interval.
Statistical Flow Chart
The results obtained for the wine and hair samples were subjected to a statistical 
protocol which is outlined in Figure A.I.
Figure A2.1 Statistical methodology flow chart for the comparison of two sample sets (Stovell 
1999).
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B l.  San Jose de Jachal, San Juan -  Environmental Results
This section gives the elemental concentrations found in the environmental samples 
from the San Jose de Jachal region which were summarised in the schematic diagrams.
Chapter Three
Figures 3.4-3.8 summarise the data in Table B l . l  which reports the levels found in 
river water from the 2005 study.
Table B l . l  Elemental concentrations in river water from San Jose de Jachal 2005 (mg/l except
*=ug/l).
Code n Boron Arsenic* Calcium Magnesium Sodium
1 3 2.91 ± 0.43 110.5 ± 2.4 101.7 ± 1.8 5.0 ± 0.3 108.0 ± 1.5
2 3 3.50 ± 0.03 96.6 ± 9.2 100.8 ± 2.9 11.8 ± 2.2 97.5 ± 1.2
3 3 0.43 ± 0.12 51.5 ± 3.3 213.7 ± 7.5 9.2 ± 0.3 101.0 ± 4.4
4 3 3.28 ± 0.20 96.2 ± 1.2 118.2 ± 0.9 6.0 ± 0.3 106.6 ± 2.8
7 3 4.85 ± 0.46 59.5 ± 1.4 212.2 ± 2.9 112.6 ± 1.9 87.4 ±1.0
8 4 5.37 ± 0.30 74.1 ± 3.3 153.3 ± 2.6 94.0 ± 4.1 87.8 ± 1.7
9 2 4.88 ± 1.12 107.4 ± 7.2 143.1 ± 1.9 81.4 ± 1.0 85.1 ± 1.5
Section 3.3 reported the levels of boron and arsenic in river sediments from the San 
Jose de Jachal 2005 study; the full results of which are given in Table B1.2 below.
Table B1.2 Concentrations of boron and arsenic in river sediments from San Jose de Jachal
2005 (mg/kg).
Code n Boron Arsenic
1 1 36.6 35.0
2 1 43.4 7.1
3 1 44.0 23.8
4 2 31.2 ± 8.0 17.1 ± 3.6
7 1 59.0 26.2
8 3 58.1 ± 11.0 20.2 ± 3.0
9 1 77.8 24.7
The actual boron levels found in the plant samples from the San Jose de Jachal 2005 
study are shown in Table B1.3.
Table B1.3 Concentrations of boron in plants from San Jose de Jachal 2005 (mg/kg).
Code n Boron
1 1 99.2
2 1 130.1
3 1 46.9
4 1 37.6
7 1 36.2
8 1 149.5
9 1 95.5
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Chapter Four
This chapter reported the elemental levels in river water, sediments and soil from 
samples collected from the San Jose de Jachal region in 2006. The results were 
presented Tables Bl.3-1.5.
Table B1.4 Elemental concentrations in river water from San Jose de Jachal 2006 (mg/l except 
___________*=JJ9/!).-______________________________________________________________
Code n Boron Arsenic* Calcium Magnesium Sodium Potassium
1 2 2.99 ± 0.04 87.5 ± 9.1 81.7 ± 3.9 12.2 ± 0.4 167.6 ± 1.3 16.2 ± 0.4
2 2 2.99 ± 0.19 70.7 ± 2.1 74.4 ± 2.2 10.9 ± 0.3 156.9 ± 0.2 13.6 ± 0.7
3 2 2.42 ± 0.19 63.5 ± 4.1 55.8 ± 3.2 8.0 ± 0.1 125.7 ± 2.3 10.8 ± 0.1
4 2 3.32 ± 0.25 74.1 ± 3.3 66.3 ± 1.9 9.5 ± 0.7 172.3 ± 3.7 11.5 ± 3.7
5 2 3.02 ± 0.59 87.1 ± 17.1 64.3 ± 2.2 12.1 ± 0.3 183.6 ± 0.6 13.4 ± 1.6
6 2 1.42 ± 0.42 104.6 ± 1.9 207.4 ± 7.6 30.6 ± 0.5 210.9 ± 0.2 7.7 ± 0.4
7 2 3.47 ± 0.23 90.7 ± 17.0 56.9 ± 0.5 15.5 ± 0.1 215.3 ± 0.2 13.3 ± 0.4
8 2 3.20 ± <0.01 83.6 ± 0.5 59.6 ± 4.2 10.3 ± 0.3 164.9 ± 5.2 12.1 ± 0.6
9 2 3.56 ± 0.33 94.1 ± 3.8 64.6 ± 1.5 10.7 ± 0.6 158.2 ± 0.9 12.3 ± 0.5
10 2 3.26 ± 0.33 89.1 ± 1.8 83.2 ± 11.6 12.3 ± 0.6 189.3 ± 25.1 14.0 ± 1.8
12 1 4.89 102.3 90.0 12.1 184.0 20.5
13 3 4.15 ± 0.23 91.9 ± 0.6 94.5 ± 8.8 13.7 ± 0.2 179.2 ± 1.7 16.9 ± 0.4
14 6 6.45 ± 0.54 34.2 ± 4.2 107.2 ± 12.8 31.2 ± 0.9 289.6 ± 12.4 17.0 ± 2.2
15 4 6.85 ± 0.18 43.6 ± 0.4 101.5 ± 5.1 30.5 ± 0.3 282.1 ± 10.9 19.9 ± 0.4
16 2 4.38 ± 0.05 88.3 ± 0.7 79.0 ± 2.7 13.6 ± 0.1 155.7 ± 0.4 15.6 ± 0.3
17 3 4.48 ± 0.47 32.5 ± 1.3 129.2 ± 36.3 40.8 ± 1.0 287.8 ± 30.9 16.8 ± 0.6
18 2 3.91 ± 0.15 30.1 ± 1.7 126.0 ± 11.5 40.0 ± 0.2 256.1 ± 3.9 14.1 ± 0.6
19 2 3.86 ± 0.01 29.9 ± 0.4 98.0 ± 6.8 40.9 ± 0.1 224.6 ±5.4 11.2 ± 0.2
20 3 4.06 ± 0.35 29.2 ± 1.0 97.0 ± 20.1 40.4 ± 0.6 251.0 ± 2.4 13.0 ± 0.1
Table B1.5 Elemental concentrations in river sediments from San Jose de Jachal 2006 
___________ (mg/kg)._________________________________________________________
Code n Boron Arsenic Copper Lead Zinc
1 1 25.2 29.8 24.6 13.3 101.2
2 1 41.8 30.1 29.2 14.2 104.6
3 1 61.5 35.2 28.9 17.5 117.2
5 1 116.4 62.4 36.7 36.9 168.7
6 1 70.4 17.7 16.3 11.3 97.3
7 1 70.8 11.1 6.2 9.3 73.2
8 1 106.8 30.8 26.5 21.0 94.7
10 1 104.6 18.4 22.9 14.1 87.7
12 2 147.2 ± 11.5 56.8 ± 20.2 38.1 ± 17.3 20.4 ± 5.8 136.6 ± 14.1
13 2 83.3 ± 3.1 24.8 ± 0.8 15.2 ± 3.7 16.0 ± 0.7 96.8 ± 10.9
14 3 88.4 ± 5.0 13.5 ± 0.5 12.3 ± 1.4 11.9 ± 0.4 80.5 ± 3.1
15 3 88.3 ± 4.6 21.3 ± 2.1 17.0 ± 5.3 13.6 ± 1.7 79.1 ± 17.2
16 1 104.4 26.6 33.3 17.4 106.0
17 1 93.9 34.3 15.8 13.5 97.6
18 1 72.5 6.6 17.5 14.3 60.4
19 1 86.5 7.5 14.4 13.6 60.3
20 1 82.8 9.0 11.2 12.1 55.7
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Table B1.6 Elemental concentrations in soils from San Jose de Jachal 2006 (mg/kg).
Code n Copper Lead Zinc
4 1 17.1 16.0 89.8
12 1 19.3 13.2 93.9
15a,b,c 3 20.6 ± 4.3 13.3 ± 0.7 85.8 ± 2.3
15d,e 2 20.4 ± 4.5 13.8 ± 0.4 74.7 ± 1.2
15f 1 54.4 17.9 194.8
18 1 14.4 12.5 62.9
19 1 12.8 13.3 55.7
20 4 16.6 ± 2.8 13.2 ± 2.6 74.8 ± 14.8
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Figure B l . l  Sequential extraction results for arsenic in sediment San Jose de Jachal 2006.
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Figure B1.2 Sequential extraction results for copper in sediment San Jose de Jachal 2006.
I Exchangeable □  Fe-Mn oxides ■ Organic/sulphides a  Residual
100% 
90 %  
80 %  
70 %  
60 %  - 
50%  
40 %  
30 %  - 
20% 
10% 
0% ii J □ y D B n h m iHnHr
8  10 12a 12b 13a 13b 14a 14b 14c 15a 15b 15c 16 17 18 19 2 0
S a m p le  c o d e
Figure B1.3 Sequential extraction results for lead in sediment San Jose de Jachal 2006.
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Figure B1.4 Sequential extraction results for zinc in sediment San Jose de Jachal 2006.
Figure B1.5 Sequential extraction results for arsenic (L) and copper (R) in soil.
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Figure B1.6 Sequential extraction results for lead (L) and zinc (R) in soil.
B2. General Roca, Rio Negro -  Environmental Results
The actual elemental levels determined in the water samples taken from the Rio Negro 
region are presented in the following tables.
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Table B2.1 Elemental concentrations in river water from Rio Negro 2006 (mg/l except *=pq/l).
Code n Boron* Arsenic* Calcium Magnesium Sodium Potassium
1 2 48.3 ± 1.5 3.7 ±0.2 8.0 ±0.2 2.7 ± <0.1 31.3 ±0.6 2.13 ±0.97
7 2 2269 ± 48 10.8 ±0.5 226.6 ±2.7 54.3 ±2.9 1187 ±46 5.79 ± 0.24
8 2 33.0 ± 0.6 <2.0 5.1 ± 0.4 2.0 ± <0.1 15.6 ±0.1 0.85 ± 0.02
9 2 601.5 ±31.6 6.4 ± <0.1 146.9 ±3.6 19.0 ±0.5 248.6 ±4.5 3.98 ± 0.87
10 2 453.4 ±7.1 9.3 ±0.1 20.5 ±2.6 22.0 ± 0.2 261.3 ±3.5 3.06 ± 0.01
11 2 33.4 ± 0.1 <2.0 4.5 ±0.4 1.9 ± 0.1 14.0 ± 0.3 0.83 ± 0.04
<=below detection limit
Table B2.2 Elemental concentrations in river sediments from Rio Negro 2006 (mq/kq).
Code n Boron Arsenic Copper Lead Zinc
1 1 34.3 2.1 5.4 22.7 46.0
2 1 65.5 7.8 11.5 16.6 67.4
3 1 78.8 7.7 27.3 22.0 86.3
4 1 92.7 6.9 14.4 19.6 79.5
5 1 42.6 7.9 24.5 16.0 78.8
7 1 81.4 7.0 12.3 16.1 81.9
8 1 65.7 4.4 15.8 15.5 117.1
9 1 41.3 7.4 8.0 15.7 69.2
10 1 51.0 5.6 10.9 25.6 82.6
11 1 59.2 8.5 25.5 16.8 78.0
Figure B2.1 Sequential extraction results for arsenic (L) and copper (R) in sediment.
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Figure B2.2 Sequential extraction results for lead (L) and zinc (R) in sediment.
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B3. Statistical Results from Population Comparison
The results of the F- and t-tests used to compare the environmental data from San 
Jose de Jachal and General Roca are presented in the following tables.
Table B3.1 Summary of F-test and t-test results for the comparison of the water samples from
San Jose de Jachal, San Juan, and General Roca, Rio Negro.
Water Boron Calcium
- “ “ ■V
Copper Magnesium Potassium Sodium Zinc
River
F calc 1.96 2.71 - 1.60 1.77 7.98 -
df 48,11 11,48 - 11,48 48,11 11,48 -
F crit 2.51 1.99 - 1.99 2.51 1.99 -
Significant? N Y - N N Y -
tcaic -7.84 1.00 _ -1.46 -12.13 -0.59 -
tcrit 3.46 2.18 - 2.00 3.46 2.20 -
df 59 12 - 59 59 11 -
Sig? Y N - N Y N -
P <0.001 <0.05 - <0.05 <0.001 <0.05 -
Irrigation
Fcalc 7.24 1.39 - 2.76 3.78 1.91 -
df 18,10 18,10 - 18,10 18,10 10,18 -
F crit 2.80 2.80 - 2.80 2.80 2.41 -
Significant? Y N - N Y N -
tcaic 13.8 -8.57 - -6.16 14.47 -3.85 -
tcrit 3.88 3.67 - 3.67 3.79 3.67 -
df 19 28 - 28 22 28 -
Sig? Y Y - Y Y Y -
P <0.001 <0.001 - <0.001 <0.001 <0.001 -
Tap
Fcalc 164.04 216.69 33.14 45.87 4.59 82.61 20.63
df 11,8 11,8 8,10 11,8 11,8 11,8 8,10
F* crit 3.31 3.31 3.07 3.31 3.31 3.31 3.07
Significant? N Y Y Y Y Y Y
tcaic -5.91 5.63 -3.57 7.52 9.92 16.11 -1.63
tcrit 3.88 4.44 2.31 4.44 4.32 4.44 2.31
df 19 11 8 11 12 11 8
Sig? Y Y Y Y Y Y N
P <0.001 <0.001 <0.05 <0.001 <0.001 <0.001 <0.05
Table B3.2 Summary of F-test and t-test results for the comparison of the sediment samples
from San Jose de Jachal, San Juan, and General Roca, Rio Negro.
Boron Arsenic Copper
■ » —  
Lead Zinc
Fcalc 4.27 8.26 1.31 1.59 1.53
df 22,9 22,9 22,9 22,9 22,9
F crit 2.92 2.92 2.92 2.92 2.92
Significant? Y Y N N N
tcaic 2.37 5.49 1.56 3.64 1.70
tcrit 2.05 3.77 2.04 3.63 2.04
df 27 23 31 31 31
Sig? Y Y N Y N
P <0.05 <0.001 <0.05 <0.001 <0.05
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B4. INTA Collaborative Study Results
The results for the other two rows of chardonnay and cabernet sauvignon samples are 
presented in Figures B4.1 and B4.2 below.
-  Roots Shoot Basal Shoot Mddte Shoot Apex — Leaves
600
| Roots Shoot Basal Shoot Middle Shoot Apex — Leaves |
November 05 January 06
Chardonnay Row Number 2
Apr! 06 November 05 January 06
Chardonnay Row Number 3
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1000
900
800
700 3
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2
500 m
c
Figure B4.2 The concentration of boron in chardonnay grapevines over time from the INTA 
trial, Row 2 (L) and Row 3 (R) (pg/g).
Shoot Mddb Shoot Apex — Leaves |
Cabernet Sauvignon Row Number 2
Shoot Middle Shoot Apex -
Cabernet Sauvqnon Row Number 3
Figure B4.3 The concentration of boron in cabernet sauvignon grapevines over time from the 
INTA trial, Row 2 (L) and Row 3 (R) (pg/g).
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C l .  W ine Comparison Results
The full details of the descriptive statistics and F- and t-test results performed for the 
wine comparison investigation described in this work (Chapter 5) are reported here, 
with the removal of any statistical outliers. The following abbreviations are used: 
ARS=Argentina San Jose de Jachal; ARC=Argentina Controls; AU=Australia; 
CA=California; CL=Chile; NZ=New Zealand; SA=South Africa; AM=arithmetic mean; 
SD=standard deviation; GM=geometric mean; Min=minimum; Max=maximum; 
df=degrees of freedom; and P ro b a b ility .
Table C l . l  Concentration of boron in wine (mg/l).
ARS ARC AU CA CL NZ SA
Chardonnay
AM 9.9 14.8 11.7 10.9 11.3 10.2 9.1
SD 0.3 1.2 2.5 2.6 4.1 4.8 1.7
GM 9.9 14.8 11.4 10.6 10.7 9.6 8.9
Median 9.9 14.9 12.0 10.5 11.4 7.8 9.8
Min 9.5 13.5 7.5 8.5 7.2 7.2 6.6
Max 10.2 16.9 14.7 15.4 15.5 15.7 10.2
n 4 8 17 9 6 3 4
Cabernet Sauvignon
AM 14.9 15.4 16.6 14.7 . 10.3
SD 0.4 - 4.1 1.7 3.1 - -
GM 14.9 - 14.9 16.5 14.4 - -
Median 14.8 - 14.4 15.6 15.6 - -
Min 14.6 - 10.4 15.0 9.8 - -
Max 15.4 - 21.7 19.0 17.9 - -
n 3 - 8 7 8 - 1
Table C1.2 Summary of F-test and t-test results for boron in wine.
Relationship Fcalc F crit df (F) Sig? tca lc tc rit df (t) Sig? P
Chardonnay
ARS vs ARC 13.06 8.89 7,3 Y -10.78 4.78 9 Y <0.001
ARS vs AU 54.18 8.69 16,3 Y -2.88 2.1 18 Y <0.05
ARS vs CA 60.94 8.85 8,3 Y -1.1 2.26 9 N <0.05
ARS vs CL 149.85 9.01 5,3 Y -0.84 2.57 5 N <0.05
ARS vs NZ 202.96 9.55 2,3 Y -0.11 4.3 2 N <0.05
ARS vs SA 24.98 9.28 3,3 Y 0.98 3.18 3 N <0.05
Cabernet Sauvignon
ARS vs AU 108.53 19.35 7,2 Y -0.29 2.37 7 N <0.05
ARS vs CA 18.27 19.33 6,2 Y -2.41 2.37 7 Y <0.05
ARS vs CL 60.13 19.35 7,2 Y 0.23 2.31 8 N <0.05
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Table C1.3 Concentration of barium in wine (pg/l).
ARS ARC AU CA CL NZ SA
Chardonnay
AM 62.1 83.2 83.3 124.0 96.6 108.2 114.7
SD 1.5 28.4 20.2 13.4 23.7 54.9 24.3
GM 62.1 78.4 81.0 123.4 94.7 99.3 112.9
Median 61.5 79.6 82.0 131.1 88.2 94.0 107.1
Min 61.1 33.5 50.6 103.2 83.1 61.7 95.6
Max 64.3 138.1 129.5 143.2 144.5 168.8 149.1
n 4 8 17 9 6 3 4
Cabernet Sauvignon
AM 80.9 138.6 299.8 165.7 75.4
SD 4.7 - 6.4 55.3 95.5 - -
GM 80.8 - 138.5 295.3 137.4 - -
Median 83.1 - 138.2 326.1 145.7 - -
Min 75.5 - 130.9 226.5 33.9 - -
Max 84.1 - 146.6 371.4 296.7 - -
n 3 - 7 7 8 - 1
Table C1.4 Summary of F-test and t-test results for barium in wine.
Relationship Fcalc F c rit df (F) Sig? fca lc tc r it df(t) Sig? P
Chardonnay
ARS VS ARC 369.85 8.89 7,3 Y -2.1 2.36 7 N <0.05
ARS vs AU 186.88 8.69 16,3 Y -4.29 3.97 17 Y <0.001
ARS vs CA 82 8.85 8,3 Y -13.71 2.31 8 Y <0.05
ARS vs CL 256.83 9.01 5,3 Y -3.56 2.57 5 Y <0.05
ARS vs NZ 1383.02 9.55 2,3 Y -1.45 4.3 2 N <0.05
ARS vs SA 270.95 9.28 3,3 Y -4.32 3.18 3 Y <0.05
Cabernet Sauvignon
ARS vs AU 1.84 19.33 6,2 N -13.9 5.04 8 Y <0.001
ARS vs CA 137.77 19.33 6,2 Y -10.39 5.96 6 Y <0.001
ARS vs CL 411.02 19.35 7,2 Y -2.51 2.36 7 Y <0.05
Table C1.5 Concentration of calcium in wine (mg/l).
ARS ARC AU CA CL NZ SA
Chardonnay
AM 28.2 20.1 25.4 28.3 27.3 22.4 20.9
SD 2.4 5.4 6.5 9.1 7.0 5.3 3.4
GM 28.1 19.5 24.6 27.0 26.6 22.1 20.7
Median 28.1 18.3 24.7 27.7 25.8 19.5 20.9
Min 25.3 15.2 16.0 16.5 20.8 19.3 17.2
Max 31.2 30.8 36.3 41.2 37.8 28.5 24.8
n 4 7 17 9 6 3 4
Cabernet Sauvignon
AM 47.0 . 68.6 52.1 68.6 . 95.4
SD 6.2 - 10.6 20.5 6.6 - -
GM 46.7 - 67.9 48.8 68.3 - -
Median 48.9 - 67.6 55.4 69.8 - -
Min 40.1 - 52.4 28.4 55.0 - -
Max 52.0 - 84.2 90.2 76.2 - -
n 3 - 8 7 8 - 1
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Table C1.6 Summary of F-test and t-test results for calcium in wine.
Relationship F calc F crit df(F) Sig? tcalc tcrit df(t) Sig? P
Chardonnay
ARS vs ARC 5.09 8.94 6,3 N 2.79 2.26 9 Y <0.05
ARS vs AU 7.42 8.69 16,3 N 0.81 2.09 19 N <0.05
ARS vs CA 14.39 8.85 8,3 Y -0.05 2.23 10 N <0.05
ARS VS CL 8.64 9.01 5,3 N 0.22 2.31 8 N <0.05
ARS vs NZ 4.8 9.55 2,3 N 1.97 2.57 5 N <0.05
ARS vs SA 1.98 9.28 3,3 N 3.49 2.45 6 Y <0.05
Cabernet Sauvignon
ARS vs AU 2.96 19.35 7,2 N -3.26 2.26 9 Y <0.05
ARS vs CA 11.09 19.33 6,2 N -0.4 2.31 8 N <0.05
ARS vs CL 1.15 19.35 7,2 N -4.9 4.78 9 Y <0.001
Table C1.7 Concentration of copper in wine (pg/l).
ARS ARC AU CA CL NZ SA
Chardonnay
AM 34.2 122.8 135.3 79.3 79.1 200.9 63.5
SD 18.9 29.9 53.9 38.0 55.2 96.9 12.4
GM 30.8 118.8 123.6 70.1 59.5 187.3 62.7
Median 28.7 131.5 137.9 73.6 80.1 149.4 60.4
Min 18.7 62.6 48.0 29.1 16.0 140.6 52.2
Max 60.8 153.7 221.2 144.3 152.9 312.7 81.1
n 4 8 16 9 6 3 4
Cabernet Sauvignon
AM 2642.5 109.9 95.2 98.4 43.6
SD 204.5 - 55.2 56.6 30.2 - -
GM 2637.2 - 98.7 77.0 93.6 - -
Median 2659.3 - 93.8 109.5 102.5 - -
Min 2430.2 - 50.1 24.3 49.0 - -
Max 2838.1 - 205.6 159.8 142.0 - -
n 3 - 8 7 8 - 1
Table C1.8 Summary of F-test and t-test results for copper in wine.
Relationship Fca lc F crit df (F) Sig? tca lc tcrit df(t) Sig? P
Chardonnay
ARS vs ARC 2.51 8.89 7,3 N -5.34 2.23 10 Y <0.05
ARS vs AU 8.14 8.7 15,3 N -3.63 2.1 18 Y <0.05
ARS vs CA 4.04 8.85 8,3 N -2.22 2.2 11 Y <0.05
ARS vs CL 8.52 9.01 5,3 N -1.54 2.31 8 N <0.05
ARS vs NZ 26.32 9.55 2,3 Y -2.94 4.3 2 N <0.05
ARS vs SA 0.43 9.28 3,3 N -2.59 2.45 6 Y <0.05
Cabernet Sauvignon
ARS vs AU 13.73 4.74 2,7 Y 21.17 9.93 2 Y <0.01
ARS vs CA 13.06 5.14 2,6 Y 21.23 9.93 2 Y <0.01
ARS vs CL 45.92 4.74 2,7 Y 21.46 9.93 2 Y <0.01
Table C1.9 Concentration of lead in wine (pg/Q.
ARS ARC AU CA CL NZ SA
Chardonnay
AM 13.8 7.6 8.8 11.0 9.3 10.2 15.8
SD 6.3 1.2 2.6 3.1 2.2 1.9 7.1
GM 13.0 7.5 8.5 10.6 9.1 10.1 14.7
Median 13.8 7.6 7.5 11.9 9.0 10.2 13.6
Min 9.3 6.3 6.1 6.5 6.2 8.8 9.8
Max 18.3 8.8 14.7 15.0 12.1 11.6 26.1
n 2 4 13 6 5 2 4
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Cabernet Sauvignon
AM 468.1 - 8.5 7.8 11.7 - 14.7
SD 34.0 - 0.2 1.8 8.0 - -
GM 467.3 - 8.5 7.7 10.1 - -
Median 466.8 - 8.5 7.8 8.2 - -
Min 434.7 - 8.4 6.6 6.1 - -
Max 502.7 - 8.6 9.1 20.8 - -
n 3 - 2 2 3 - 1
Table C l.1 0  Summary of F-test and t-test results for lead in wine.
Relationship F calc Fcrit df(F) Sig? tcalc tcrit df(t) Sig? P
Chardonnay
ARS vs ARC 29.78 10.13 1,3 Y 1.36 12.71 1 N <0.05
ARS vs AU 5.86 4.74 1,12 Y 1.1 12.71 1 N <0.05
ARS vs CA 4.23 6.61 1,5 N 0.89 2.45 6 N <0.05
ARS vs CL 8.17 7.71 1,4 Y 0.98 12.71 1 N <0.05
ARS vs NZ 10.88 161.45 1,1 N 0.76 4.3 2 N <0.05
ARS vs SA 1.26 215.71 3,1 N -0.33 2.78 4 N <0.05
Cabernet Sauvignon
ARS vs AU 33925.1 199.5 2,1 Y 23.41 9.93 2 Y <0.01
ARS vs CA 370.01 199.5 2,1 Y 23.4 9.93 2 Y <0.01
ARS vs CL 18.2 19 2,2 N 22.63 8.61 4 Y <0.001
T a b le  C l . 1 1  Concentration of lithium in wine (pg/l).
ARS ARC AU CA CL NZ SA
Chardonnay
AM 63.6 315.3 11.3 15.0 264.9 16.3 7.4
SD 17.6 286.5 3.9 10.7 168.8 8.6 1.2
GM 61.8 184.0 10.6 11.3 230.1 14.7 7.3
Median 59.2 241.7 10.8 11.2 221.9 15.5 7.9
Min 49.5 10.8 5.7 1.8 121.7 8.2 5.7
Max 86.4 887.9 16.9 35.0 451.1 25.2 8.2
n 4 8 14 9 3 3 4
Cabernet Sauvignon
AM 139.1 9.1 8.7 14.3
SD 23.9 - 4.7 1.1 - - -
GM 137.7 - 8.3 8.6 - - -
Median 138.3 - 7.3 9.0 - - -
Min 115.6 - 5.8 7.1 - - -
Max 163.4 - 16.0 9.6 - - -
n 3 - 4 4 1 - -
T a b le  C l . 1 2  Summary of F-test and t-test results for lithium in wine.
R e la t io n s h ip Fcalc Fcrit d f  ( F ) S ig ? tcalc tcrit d f  ( t ) S ig ? P
C h a rd o n n a y
ARS vs ARC 263.82 8.89 7,3 Y -2.48 2.36 7 Y <0.05
ARS vs AU 20.25 3.41 3,13 Y 5.89 3.18 3 Y <0.05
ARS vs CA 2.7 4.07 3,8 N 6.23 4.44 11 Y <0.001
ARS vs CL 91.65 9.55 2,3 Y -2.06 4.3 2 N <0.05
ARS vs NZ 4.23 19.16 3,2 N 4.21 2.57 5 Y <0.05
ARS vs SA 230.68 9.28 3,3 Y 6.36 3.18 3 Y <0.05
C a b e r n e t  S a u v ig n o n
ARS vs AU 25.93 9.55 2,3 Y 9.28 4.3 2 Y <0.05
ARS vs CA 476 9.55 2,3 Y 9.44 4.3 2 Y <0.05
ARS vs CL - - - - - - - - -
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Table C1.13 Concentration of magnesium in wine (mg/l).
ARS ARC AU CA CL NZ SA
Chardonnay
AM 101.1 109.7 115.7 122.4 106.5 111.7 120.7
SD 8.6 8.8 11.4 16.2 4.4 3.7 4.2
GM 100.8 109.4 115.1 121.3 106.4 111.7 120.6
Median 103.4 111.4 119.7 123.7 107.5 110.5 121.5
Min 89.5 95.1 90.9 86.2 99.1 108.9 114.9
Max 108.2 123.1 135.6 145.4 111.3 115.9 124.8
n 4 7 17 9 6 3 4
Cabernet Sauvignon
AM 100.8 . 132.2 116.4 118.4 . 140.2
SD 9.7 - 18.7 3.1 4.8 - -
GM 100.5 - 131.0 116.4 118.3 - -
Median 102.5 - 137.8 116.7 118.8 - -
Min 90.4 - 100.3 112.7 111.4 - -
Max 109.5 - 153.7 120.1 126.4 - -
n 3 - 8 6 8 - 1
Table C1.14 Summary of F-test and t-test results for magnesium in wine.
Relationship Fcalc Fcrit df (F) Sig? tcaic tcrit df (t) Sig? P
Chardonnay
ARS vs ARC 1.05 8.94 6,3 N -1.57 2.26 9 Y <0.05
ARS vs AU 1.76 8.69 16,3 N -2.38 2.09 19 Y <0.05
ARS vs CA 3.58 8.85 8,3 Y -3.08 2.23 10 Y <0.05
ARS vs CL 3.85 5.41 3,5 N -1.33 2.31 8 N <0.05
ARS vs NZ 5.47 19.16 3,2 N -1.98 2.57 5 N <0.05
ARS vs SA 4.26 9.28 3,3 N -4.1 2.45 6 Y <0.05
Cabernet Sauvignon
ARS vs AU 3.74 19.35 7,2 N -2.71 2.26 9 Y <0.05
ARS vs CA 9.58 5.79 2,5 Y -2.73 4.3 2 N <0.05
ARS vs CL 4.01 4.74 2,7 N -4.17 2.26 9 Y <0.05
Table C l.15 Concentration of manganese in wine (mg/l).
ARS ARC AU CA CL NZ SA
Chardonnay
AM 1.07 1.23 1.47 1.25 1.06 1.54 1.61
SD 0.04 0.38 0.30 0.20 0.22 0.43 0.18
GM 1.07 1.18 1.44 1.23 1.04 1.50 1.60
Median 1.07 1.16 1.44 1.27 1.07 1.56 1.68
Min 1.01 0.79 0.93 0.82 0.75 1.11 1.35
Max 1.11 1.93 1.98 1.57 1.34 1.96 1.73
n 4 8 16 9 6 3 4
Cabernet Sauvignon
AM 1.14 . 1.30 1.40 1.16 . 1.68
SD 0.03 - 0.20 0.34 0.30 - -
GM 1.14 - 1.29 1.36 1.13 - -
Median 1.14 - 1.35 1.48 1.11 - -
Min 1.12 - 0.89 0.91 0.86 - -
Max 1.17 - 1.46 1.77 1.67 - -
n 3 - 7 7 8 - 1
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Table C1.16 Summary of F-test and t-test results for manganese in wine.
Relationship Fcalc F crit df(F) Sig? ^calc tcrit df(t) Sig? P
Chardonnay
ARS vs ARC 88.61 8.89 7,3 Y -1.18 2.36 7 N <0.05
ARS vs AU 56.03 8.7 15,3 Y -5.2 3.97 17 Y <0.001
ARS vs CA 25.08 8.85 8,3 Y -2.56 2.26 9 Y <0.05
ARS vs CL 28.88 9.01 5,3 Y 0.08 2.45 6 N <0.05
ARS vs NZ 113.06 9.55 2,3 Y -1.92 4.3 2 N <0.05
ARS vs SA 19.34 9.28 3,3 Y -6.01 3.18 3 Y <0.05
Cabernet Sauvignon
ARSvsAU 51.49 19.33 6,2 Y -2.1 2.36 7 N <0.05
ARS vs CA 154.73 19.33 6,2 Y -1.96 2.45 6 N <0.05
ARS vs CL 122.75 19.35 7,2 Y -0.18 2.36 7 N <0.05
Table C l.17 Concentration of rubidium in wine (mg/l).
ARS ARC AU CA CL NZ SA
Chardonnay
AM 0.78 0.59 0.40 2.29 1.98 2.22 1.34
SD 0.13 0.41 0.09 0.90 1.92 1.63 1.26
GM 0.77 0.50 0.39 2.12 1.11 1.52 0.97
Median 0.74 0.38 0.41 2.11 1.65 2.97 0.88
Min 0.68 0.31 0.25 0.83 0.32 0.35 0.47
Max 0.96 1.32 0.55 3.59 4.91 3.33 3.15
n 4 8 14 9 6 3 4
Cabernet Sauvignon
AM 0.91 . 1.24 2.75 5.39 0.94
SD 0.08 - 0.50 0.55 0.95 - -
GM 0.91 - 1.15 2.70 5.32 - -
Median 0.88 - 1.15 2.98 5.20 - -
Min 0.85 - 0.60 1.95 4.11 - -
Max 1.00 - 1.88 3.30 6.86 - -
n 3 - 8 7 8 - 1
Table C l.18 Summary of F-test and t-test results for rubidium in wine.
Relationship Fca lc Fcrit df ( F ) Sig? tca ic tc rit df(t) Sig? P
Chardonnay
ARS vs ARC 9.49 8.89 7,3 Y 1.21 2.12 9 N <0.05
ARS vs AU 2.32 3.41 3,13 N 6.86 4.02 16 Y <0.001
ARS vs CA 45.34 8.85 8,3 Y -4.93 2.26 9 Y <0.05
ARS vs CL 206.69 9.01 5,3 Y -1.52 2.57 5 N <0.05
ARS vs NZ 148.68 9.55 2,3 Y -1.53 4.3 2 N <0.05
ARS vs SA 89.86 9.28 3,3 Y -0.88 3.18 3 N <0.05
Cabernet Sauvignon
ARS vs AU 41.96 19.35 6,2 Y -1.81 2.31 8 N <0.05
ARS vs CA 51.13 19.33 6,2 Y -8.66 5.41 7 Y <0.001
ARS vs CL 152.41 19.35 7,2 Y -13.21 5.41 7 Y <0.001
Table C1.19 Concentration of strontium in wine (mq/l).
ARS ARC AU CA CL NZ SA
Chardonnay
AM 0.90 1.42 1.32 0.92 1.05 0.93 0.74
SD 0.03 0.31 0.30 0.29 0.52 0.50 0.14
GM 0.90 1.39 1.29 0.87 0.93 0.85 0.73
Median 0.90 1.50 1.44 0.92 1.13 0.66 0.77
Min 0.86 0.82 0.76 0.50 0.46 0.63 0.56
Max 0.92 1.71 1.74 1.31 1.55 1.51 0.85
n 4 8 17 9 6 3 4
281
Appendix C
Cabernet Sauvignon
AM 1.71 - 1.53 1.49 0.81 - 0.58
SD 0.11 - 0.32 0.23 0.14 - -
GM 1.70 - 1.50 1.47 0.80 - -
Median 1.68 - 1.43 1.45 0.79 - -
Min 1.61 - 1.12 1.21 0.63 - -
Max 1.83 - 2.06 1.87 1.08 - -
n 3 - 7 7 8 - 1
Table C l.20 Summary of F-test and t-test results for strontium in wine.
Relationship Fcalc Fcrit df(F) Sig? tcalc tcrit df (t) Sig? P
Chardonnay
ARS vs ARC 137.45 8.89 7,3 Y -4.77 2.36 7 Y <0.05
ARS vs AU 127.65 8.69 16,3 Y -5.84 3.97 17 Y <0.001
ARS vs CA 122.6 8.85 8,3 Y -0.21 2.31 8 N <0.05
ARS vs CL 395.83 9.01 5,3 Y -0.73 2.57 5 N <0.05
ARS vs NZ 364.59 9.55 2,3 Y -0.12 4.3 2 N <0.05
ARS vs SA 26.99 9.28 3,3 Y 2.24 3.18 3 N <0.05
Cabernet Sauvignon
ARS vs AU 8.62 19.33 6,2 N 0.89 2.31 8 N <0.05
ARS vs CA 4.35 19.33 6,2 N 1.54 2.31 8 N <0.05
ARS vs CL 1.65 19.35 7,2 N 9.82 4.78 9 Y <0.001
Table C l.21 Concentration of zinc in wine (mg/l).
ARS ARC AU CA CL NZ SA
Chardonnay
AM 0.38 0.91 0.92 1.20 0.67 1.30 0.99
SD 0.04 0.23 0.18 0.32 0.36 0.10 0.20
GM 0.37 0.88 0.90 1.16 0.59 1.29 0.98
Median 0.38 0.96 0.90 1.10 0.55 1.26 1.07
Min 0.33 0.54 0.58 0.74 0.29 1.22 0.70
Max 0.41 1.26 1.34 1.76 1.16 1.41 1.13
n 4 8 17 9 6 3 4
Cabernet Sauvignon
AM 1.76 0.71 0.76 0.50 0.47
SD 0.12 0.13 0.36 0.21 - -
GM 1.76 0.70 0.69 0.47 - -
Median 1.78 0.73 0.71 0.44 - -
Min 1.63 0.51 0.37 0.31 - -
Max 1.87 0.87 1.26 0.81 - -
n 3 8 7 8 - 1
Table C1.22 Summary of F-test and t-test results for zinc in wine.
Relationship Fcalc Fcrit df (F) Sig? tcalc tcrit df (t) Sig? P
Chardonnay
ARS vs ARC 42.37 8.89 7,3 Y -6.33 5.04 8 Y <0.001
ARS vs AU 25.94 8.69 16,3 Y -11.42 3.88 19 Y <0.001
ARS vs CA 82 8.85 8,3 Y -7.52 5.04 8 Y <0.001
ARS vs CL 103.86 9.01 5,3 Y -1.95 2.57 5 N <0.05
ARS vs NZ 7.45 9.55 2,3 Y -15.6 9.93 2 Y <0.01
ARS vs SA 30.78 9.28 3,3 Y -6.14 3.18 3 Y <0.05
Cabernet Sauvignon
ARS vs AU 1.17 19.35 7,2 N 11.73 4.78 9 Y <0.001
ARS vs CA 8.38 19.33 6,2 N 4.55 3.36 8 Y <0.01
ARS vs CL 2.72 19.35 7,2 N 9.5 4.78 9 Y <0.001
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C2. Linear Discrim inant Analysis
Section 5.2.16 reports the use of the multivariate statistical technique linear 
discriminant analysis for classification predictions. The following tables report the 
calculated discriminant functions, as given by Minitab®.
Table C2.1 Linear discriminant function for chardonnay.
Argentina
Control
Argentina
Sample Australia California Chile
New
Zealand
South
Africa
Constant -134.43 -106.56 -136.97 -152.45 -125.33 -139.92 -150.52
B 5.67 4.46 4.92 5.52 5.26 4.83 5.22
Ba 0.03 0.02 0 0.26 0.11 0.02 0.22
Ca -0.11 0.10 0.05 0.05 0.04 -0.04 -0.18
Cu -0.07 -0.10 -0.05 -0.10 -0.09 0.01 -0.10
Mg 1.18 1.17 1.24 1.28 1.16 1.14 1.41
Mn 0.04 0.04 0.05 0.04 0.04 0.05 0.05
Rb 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Sr 0.01 0.01 0.01 0 0.01 0 -0.01
Zn -0.02 -0.02 -0.02 0 -0.02 0 -0.02
Table C2.2 Linear discriminant function for cabernet sauvignon.
Argentina Australia California Chile
Constant -662.19 -185.1 -216.67 -304.05
B 8.44 7.07 9.04 12.56
Ba -0.03 0.24 0.30 0.31
Ca 0.69 2.75 3.15 4.00
Cu 0.48 -0.17 -0.16 -0.15
Mg -1.60 -0.18 -0.72 -1.21
Mn 0 -0.06 -0.06 -0.06
Rb 0.02 0.02 0.03 0.05
Sr -0.02 0.01 0 -0.03
Zn 0.03 0.17 0.19 0.20
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Appendix D
Hair Results
Appendix D
D l.  Questionnaire
The questionnaire which was used in the study to collect information regarding the 
statistics and health status of the individual is given here.
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Appendix D
D2. Population Data and Statistical Results for Comparison of Health 
Status
Chapter 6 reports the findings of the elemental levels in hair in the two populations 
under investigation. For brevity within the chapter, the full descriptive statistics and 
significance testing results are provided here and only significant results were 
presented and discussed in Sections 6.2 to 6.14. No comparison data is shown for the 
San Juan group versus heart conditions and for the Rio Negro group versus 
liver/kidney problems as the number of samples in each group was too small for 
statistical testing.
The following abbreviations are used in the subsequent tables: SJ=San Juan 
population; RN=Rio Negro population; SD=standard deviation; GM=geometric mean; 
Y/N=Yes/No; GH=good health; HT=hyperthyroid; Bone=bone conditions/arthritis; 
Liv/Kid= liver/kidneys; Dig=digestive disorder; nd=not done; df=degrees of freedom; 
Sig?=Significant; P=Probability.
Table D2.1 Population data for boron resolved for health status (pg/g).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 1.70 0.52 1.61 1.67 0.56 2.72 40
RN Smoke Y 1.19 0.61 1.05 0.95 0.46 2.82 29
SJ Smoke N 1.92 1.36 1.63 1.51 0.54 8.10 49
RN Smoke N 1.26 0.63 1.09 1.12 0.34 2.31 35
SJ GH 2.52 1.83 2.06 1.93 0.64 8.26 50
RN GH 1.27 0.61 1.12 1.09 0.44 2.29 27
SJ HT 1.63 0.66 1.48 1.85 0.54 2.72 19
RN HT 1.22 0.60 1.08 1.12 0.46 2.24 14
SJ Bone 1.76 0.79 1.59 1.71 0.54 3.83 25
RN Bone 1.13 0.63 0.97 1.21 0.45 1.71 6
SJ Heart 1.95 0.05 1.95 1.95 1.91 1.98 2
RN Heart 1.00 0.59 0.85 0.89 0.34 1.71 6
SJ Liv/Kid 1.92 0.39 1.88 1.89 1.32 2.46 9
RN Liv/Kid 1.20 0.72 1.09 1.20 0.69 1.71 2
SJ Dig 2.26 1.70 1.93 1.97 0.95 8.10 16
RN Dig 1.09 0.49 1.00 0.95 0.58 1.75 5
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Table D2.2 F-test and t-test results for the comparison of boron concentration in hair and
health status in the two study populations.
Population Relationship df(F) F crit ^calc df(t) tc rit tca ic Sig? P
SJ Smoke Y vs. N 48,39 1.67 6.97 64 2.00 -1.05 N <0.05
RN Smoke Y vs. N 34,28 1.85 1.06 62 2.00 -0.46 N <0.05
SJ GH vs. HT 49,18 2.04 7.67 67 2.00 2.96 Y <0.05
RN GH vs. HT 26,13 2.41 1.04 39 2.02 0.27 N <0.05
SJ GH vs. Bone 49,24 1.86 5.32 72 1.99 2.49 Y <0.05
RN GH vs. Bone 5,26 2.59 1.07 31 2.04 0.49 N <0.05
SJ GH vs. Heart nd
RN GH vs. Heart 26,5 4.52 1.07 31 2.04 0.98 N <0.05
SJ GH vs. Liv/Kid 49,8 3.02 22.23 55 2.00 2.08 Y <0.05
RN GH vs. Liv/Kid nd
SJ GH vs. Dig 49,15 2.18 1.16 64 2.00 0.51 N <0.05
RN GH vs. Dig 26,4 5.76 1.56 30 2.04 0.63 N <0.05
Table D2.3 Population data for arsenic resolved for health status (pg/g).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 22.1 20.4 12.2 15.8 0.3 76.5 35
SJ Smoke N 20.1 18.8 11.7 16.2 0.9 74.3 37
SJ GH 21.8 16.4 13.1 21.4 0.3 67.7 23
SJ HT 16.7 16.4 9.3 15.5 0.9 58.8 17
SJ Bone 21.6 23.9 11.0 13.8 0.9 76.5 20
SJ Heart 8.9 11.2 4.2 8.9 1.0 16.9 2
SJ Liv/Kid 26.9 28.0 16.4 16.4 4.2 76.5 6
SJ Dig 24.9 25.0 14.8 16.9 1.6 76.5 11
Table D2.4 F-test and t-test results for the comparison of arsenic concentration in 
health status in the two study populations.
hair and
Population Relationship df (F]i Fcrit Fca lc df(t) tc rit tca ic Sig? P
SJ Smoke Y vs. N 34,36 1.75 1.17 70 1.99 0.43 N <0.05
SJ GH vs. HT 22,16 2.25 1.00 38 2.02 0.98 N <0.05
SJ GH vs. Bone 19,22 2.08 2.12 33 2.03 0.04 N <0.05
SJ GH vs. Heart nd
SJ GH vs. Liv/Kid 5,22 2.66 2.91 6 2.45 -0.43 N <0.05
SJ GH vs. Dig 10,22 2.30 2.32 14 2.14 -0.37 N <0.05
Table D2.5 Population data for cadmium resolved for health status (nq/g).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 97.7 45.0 88.9 82.1 44.3 244.9 29
RN Smoke Y 189.0 66.8 178.1 191.5 103.3 333.5 23
SJ Smoke N 103.3 61.3 89.8 83.4 33.9 308.4 38
RN Smoke N 182.5 79.2 168.5 154.6 93.8 376.5 26
SJ GH 108.6 55.6 97.1 81.7 33.9 308.4 37
RN GH 197.8 73.8 185.6 191.5 104.6 376.5 21
SJ HT 89.7 35.5 83.2 82.8 38.3 150.8 14
RN HT 200.3 87.2 184.5 174.8 108.9 338.7 10
SJ Bone 104.8 49.8 93.6 111.3 35.4 244.9 21
RN Bone 123.2 8.3 123.0 124.8 114.2 130.6 3
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Table D2.5 continued
Population Group Mean SD GM Median Min Max n
SJ Fleart 81.5 - - - - - 1
RN Heart 121.0 18.6 119.9 127.7 93.8 135.0 4
SJ Liv/Kid 78.6 48.3 67.4 47.3 38.3 134.2 5
RN Liv/Kid - - - - - - 0
SJ Dig 117.9 71.7 101.7 122.0 38.3 299.9 11
RN Dig 193.3 127.3 171.1 193.3 103.3 283.4 2
Table D2.6 F-test and t-test results for the comparison of cadmium concentration in hair and 
___________health status in the two study populations.__________________________________
Population Relationship df(F) Fcrit Fca lc df (t) tc rit tca lc Sig? P
SJ Smoke Y vs. N 37,28 1.83 1 .8 6 65 2.00 -0.43 N <0.05
RN Smoke Y vs. N 25,22 2.02 1.40 47 2.01 0.31 N <0.05
SJ GH vs. HT 36,13 2.35 2.45 37 2.03 1.43 N <0.05
RN GH vs. HT 9,20 2.39 1.40 29 2.05 -0.08 N <0.05
SJ GH vs. Bone 36,20 2.01 1.25 56 2.00 0.26 N <0.05
RN GH vs. Bone 20,2 19.45 79.16 22 2.07 4.44 Y <0.05
SJ GH vs. Heart nd
RN GH vs. Heart 20,3 8 .6 6 15.73 20 2.09 4.13 Y <0.05
SJ GH vs. Liv/Kid 36,4 5.73 1.33 40 2.02 1.15 N <0.05
RN GH vs. Liv/Kid nd
SJ GH vs. Dig 10,36 2.11 1 .6 6 46 2.01 -0.46 N <0.05
RN GH vs. Dig nd
Table D2.7 Population data for calcium resolved for health status (pg/g).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 1726.3 1123.3 1333.5 1976.1 373.7 3982.8 40
RN Smoke Y 946.8 1449.6 433.6 372.5 57.1 6130.6 28
SJ Smoke N 1631.7 1098.2 1344.9 1261.8 353.0 5865.0 48
RN Smoke N 965.7 963.5 566.9 455.0 97.9 3735.9 34
SJ GH 1858.2 1088.9 1545.3 1620.6 372.4 4625.5 48
RN GH 909.2 1000.5 526.4 457.4 57.1 4431.2 25
SJ HT 1732.7 1072.2 1391.5 1467.2 423.7 3540.3 19
RN HT 874.9 1026.9 486.0 397.8 60.3 3735.9 14
SJ Bone 1331.8 930.7 1051.6 924.1 373.7 3327.4 25
RN Bone 1319.6 1275.4 680.6 1020.0 97.9 3012.2 6
cn
 
< _1 
:
Heart 3085.0 342.8 3075.5 3085.0 2842.6 3327.4 2
RN Heart 895.7 1206.1 381.6 213.7 97.9 3012.2 6
SJ Liv/Kid 1707.8 940.8 1472.3 1937.1 758.0 3206.4 9
RN Liv/Kid 621.4 400.0 553.3 621.4 338.5 904.2 2
SJ Dig 1987.7 939.4 1763.9 1962.0 787.9 3688.1 16
RN Dig 1692.3 2557.4 598.9 388.2 96.4 6130.6 5
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Table D2.8 F-test and t-test results for the comparison of calcium concentration in hair and
health status in the two study populations.
Population Relationship df (F) Fcrit Fcalc df(t) tcrit tcaic Sig? P
SJ Smoke Y vs. N 39,47 1.65 1.05 86 1.99 0.40 N <0.05
RN Smoke Y vs. N 27,33 1.83 2.26 45 2.01 -0.06 N <0.05
SJ GH vs. HT 47,18 2.04 1.03 65 2.00 0.43 N <0.05
RN GH vs. HT 13,24 2.15 1.05 37 2.03 0.10 N <0.05
SJ GH vs. Bone 47,24 1.87 1.37 71 1.99 2.06 Y <0.05
RN GH vs. Bone 5,24 2.62 1.62 29 2.05 -0.86 N <0.05
SJ GH vs. Heart nd
RN GH vs. Heart 5,24 2.62 1.45 29 2.05 0.03 N <0.05
SJ GH vs. Liv/Kid 47,8 3.03 1.34 55 2.00 0.39 N <0.05
RN GH vs. Liv/Kid nd
SJ GH vs. Dig 47,15 2.18 1.34 62 2.00 -0.43 N <0.05
RN GH vs. Dig 4,24 2.78 6.53 4 2.78 -0.67 N <0.05
Table D2.9 Population data for copper resolved for health status (Md/d).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 15.6 4.3 15.1 14.7 9.9 29.5 39
RN Smoke Y 31.1 19.3 27.0 23.1 11.4 88.9 29
SJ Smoke N 16.4 3.9 16.0 15.9 10.7 28.3 45
RN Smoke N 26.2 8.9 24.9 23.7 14.0 49.7 35
SJ GH 17.1 5.0 16.4 15.1 10.0 32.2 46
RN GH 27.8 9.5 26.4 25.3 13.6 51.8 27
SJ HT 16.6 4.8 16.0 15.6 9.9 28.3 17
RN HT 23.0 8.3 22.0 20.7 14.0 49.7 14
SJ Bone 16.2 3.5 15.9 15.1 11.9 27.8 24
RN Bone 24.1 12.3 21.8 19.4 13.1 42.9 6
SJ Heart 21.7 8.6 20.9 21.7 15.6 27.8 2
RN Heart 20.0 8.2 18.9 17.8 14.0 36.0 6
SJ Liv/Kid 16.9 5.6 16.2 14.9 11.3 29.5 9
RN Liv/Kid 23.5 14.8 21.1 23.5 13.1 33.9 2
SJ Dig 16.2 3.6 15.8 15.3 12.1 22.9 16
RN Dig 26.6 15.1 23.6 24.8 11.4 51.3 5
Table D2.10 F-test and t-test results for the comparison of copper concentration in hair and
health status in the two study populations.
Population Relationship df(F) Fcrit Fcalc df (t) tcrit tcaic Sig? P
SJ Smoke Y vs. N 38,44 1.67 1.20 82 1.99 -0.94 N <0.05
RN Smoke Y vs. N 28,34 1.81 4.67 38 2.02 1.27 N <0.05
SJ GH vs. HT 45,16 2.14 1.09 61 2.00 0.32 N <0.05
RN GH vs. HT 26,13 2.41 1.30 39 2.02 1.61 N <0.05
SJ GH vs. Bone 45,23 1.90 2.00 62 2.00 0.80 N <0.05
RN GH vs. Bone 5,26 2.59 1.68 31 2.04 0.81 N <0.05
SJ GH vs. Heart
RN GH vs. Heart 26,5 4.52 1.34 31 2.04 1.86 N <0.05
SJ GH vs. Liv/Kid 8,45 2.15 1.28 53 2.01 0.06 N <0.05
RN GH vs. Liv/Kid
SJ GH vs. Dig 45,15 2.19 1.96 60 2.00 0.66 N <0.05
RN GH vs. Dig 4,26 2.74 2.52 30 2.04 0.23 N <0.05
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Table D 2 .ll Population data for iron resolved for health status (pg/g).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 32.8 17.1 28.7 30.3 9.4 80.5 40
RN Smoke Y 17.8 18.3 12.5 11.0 4.5 79.8 29
SJ Smoke N 28.2 12.1 25.9 25.0 13.4 62.4 49
RN Smoke N 14.5 10.7 11.6 11.4 2.8 46.5 34
SJ GH 32.7 13.1 30.4 31.2 14.5 73.8 50
RN GH 16.4 14.5 12.6 11.6 4.1 65.3 26
SJ HT 27.3 16.5 23.8 23.7 10.1 80.5 19
RN HT 14.8 11.5 11.8 12.1 4.4 46.4 14
SJ Bone 28.8 15.0 25.2 27.4 8.4 63.9 25
RN Bone 13.4 7.5 11.4 13.2 4.7 24.4 6
SJ Heart 35.4 8.6 34.9 35.4 29.3 41.5 2
RN Heart 13.0 6.5 11.8 11.9 6.3 24.4 6
SJ Liv/Kid 26.8 15.5 23.6 25.0 8.9 63.2 9
RN Liv/Kid 5.6 1.3 5.5 5.6 4.7 6.6 2
SJ Dig 33.9 18.4 29.8 27.5 8.9 80.5 16
RN Dig 24.6 31.3 14.5 13.2 4.5 79.8 5
Table D2.12 F-test and t-test results for the comparison of iron concentration in hair and 
_____________health status in the two study populations.________________________________
Population Relationship df(F) Fcrit Fcalc df(t) tcrit tcalc Sig? P
SJ Smoke Y vs. N 39,48 1.65 1.98 68 2.00 1.44 N <0.05
RN Smoke Y vs. N 28,33 1.82 2.94 44 2.02 0.83 N <0.05
SJ GH vs. HT 18,49 1.82 1.58 67 2.00 1.42 N <0.05
RN GH vs. HT 25,13 2.41 1.59 38 2.02 0.36 N <0.05
SJ GH vs. Bone 24,49 1.74 1.31 73 1.99 1.16 N <0.05
RN GH vs. Bone 25,5 4.52 3.72 30 2.04 0.49 N <0.05
SJ GH vs. Heart nd
RN GH vs. Heart 25,5 4.52 4.94 18 2.10 0.87 N <0.05
SJ GH vs. Liv/Kid 8,49 2.13 1.41 57 2.00 1.21 N <0.05
RN GH vs. Liv/Kid nd
SJ GH vs. Dig 15,49 1.88 1.99 20 2.09 -0.23 N <0.05
RN GH vs. Dig 4,25 2.76 4.62 4 2.78 -0.57 N <0.05
Table D2.13 Population data for lead resolved for health status (pg/g).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 2.06 2.68 1.40 1.23 0.27 16.07 40
RN Smoke Y 2.97 3.27 1.73 1.63 0.31 11.95 29
SJ Smoke N 1.83 1.95 1.21 1.07 0.28 9.39 49
RN Smoke N 4.35 4.63 2.50 2.58 0.18 16.02 32
SJ GH 2.28 2.13 1.55 1.32 0.27 9.39 50
RN GH 3.80 4.08 2.14 1.97 0.18 13.42 26
SJ HT 1.25 0.96 1.02 1.14 0.30 4.71 19
RN HT 4.80 5.67 2.33 1.20 0.49 16.02 13
SJ Bone 2.36 3.27 1.47 1.25 0.31 16.07 25
RN Bone 1.36 1.09 1.05 0.80 0.45 2.83 6
SJ Heart 1.29 0.21 1.28 1.29 1.14 1.44 2
RN Heart 1.76 1.33 1.28 1.65 0.45 3.37 6
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Table D2.5 continued
Population Group Mean SD GM Median Min Max n
SJ Liv/Kid 0.99 0.43 0.89 0.98 0.38 1.64 9
RN Liv/Kid 0.77 - - - - - 1
SJ Dig 1.84 1.76 1.21 1.08 0.28 6.61 16
RN Dig 2.34 3.22 1.20 1.16 0.31 8.01 5
Table D2.14 F-test and t-test results for the comparison of lead concentration in hair and 
____________ health status in the two study populations.________________________________
Population Relationship df (F) Fcrit Fcalc df (t) fcrit tcaic Sig? P
SJ Smoke Y vs. N 39,48 1.65 1.89 69 1.99 0.45 N <0.05
RN Smoke Y vs. N 31,28 1.86 2.01 56 2.00 -1.35 N <0.05
SJ GH vs. HT 49,18 2.04 4.93 65 2.00 2.76 Y <0.05
RN GH vs. HT 12,25 2.16 1.93 37 2.03 -0.63 N <0.05
SJ GH vs. Bone 24,49 1.74 2.35 35 2.03 -0 .1 1 N <0.05
RN GH vs. Bone 25,5 4.52 14.14 29 2.05 2.66 Y <0.05
SJ GH vs. Heart nd
RN GH vs. Heart 25,5 4.52 9.36 26 2.06 2.10 Y <0.05
SJ GH vs. Liv/Kid 49,8 3.02 24.10 56 2.00 3.86 Y <0.05
RN GH vs. Liv/Kid nd
SJ GH vs. Dig 49,15 2.18 1.47 64 2.00 0.75 N <0.05
RN GH vs. Dig 25,4 5.77 1.61 29 2.05 0.75 N <0.05
Table D2.15 Population data for magnesium resolved for health status (pg/g).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 100.6 84.2 63.9 74.8 10.1 296.7 40
RN Smoke Y 60.8 116.2 20.6 12.3 4.3 523.7 28
SJ Smoke N 99.0 86.5 70.8 74.1 8.9 460.4 49
RN Smoke N 40.3 42.0 23.2 13.1 4.4 153.9 33
SJ GH 113.9 85.9 81.7 111.3 8.9 370.8 50
RN GH 51.1 63.5 26.1 16.8 4.4 272.9 24
SJ HT 101.6 89.8 63.4 48.9 10.1 264.2 18
RN HT 34.1 34.0 21.3 13.1 8.1 105.5 14
SJ Bone 86.4 88.5 57.4 54.7 11.9 403.8 25
RN Bone 42.7 47.5 19.6 21.7 4.3 105.5 6
SJ Heart 177.9 37.9 175.9 177.9 151.1 204.7 2
RN Heart 28.6 39.3 14.9 9.2 4.4 105.5 6
SJ Liv/Kid 111.0 85.9 79.7 110.3 12.3 296.7 9
RN Liv/Kid 7.5 4.6 6.8 7.5 4.3 10.8 2
SJ Dig 151.2 113.1 120.0 116.4 35.7 480.5 16
RN Dig 120.7 225.8 31.4 12.7 9.0 523.7 5
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Table D2.16 F-test and t-test results for the comparison of magnesium concentration in hair
and health status in the two study populations.
Population Relationship df (F) Fcrit Fca lc df(t) fc r it fca lc Sig? P
SJ Smoke Y vs. N 48,39 1.67 1.06 87 1.99 0.09 N <0.05
RN Smoke Y vs. N 27,32 1.84 7.67 33 2.03 0.88 N <0.05
SJ GH vs. HT 17,49 1.84 1.09 66 2.00 0.51 N <0.05
RN GH vs. HT 23,13 2.43 3.49 36 2.03 1.07 N <0.05
SJ GH vs. Bone 24,49 1.74 1.06 73 1.99 1.30 N <0.05
RN GH vs. Bone 23,5 4.53 1.79 28 2.05 0.30 N <0.05
SJ GH vs. Heart nd
RN GH vs. Heart 23,5 4.53 2.61 28 2.05 0.82 N <0.05
SJ GH vs. Liv/Kid 49,8 3.02 1.00 57 2.00 0.09 N <0.05
RN GH vs. Liv/Kid nd
SJ GH vs. Dig 15,49 1.88 1.73 64 2.00 -1.39 N <0.05
RN GH vs. Dig 4,23 2.80 12.64 4 2.78 -0.68 N <0.05
Table D2.17 Population data for manganese resolved for health status (pg/g).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 2.03 1.40 1.57 1.41 0.34 5.19 38
RN Smoke Y 0.85 1.13 0.48 0.47 0.13 4.58 16
SJ Smoke N 1.68 1.67 1.14 0.97 0.26 8.03 47
RN Smoke N 0.47 0.36 0.38 0.34 0.16 1.44 19
SJ GH 1.67 1.56 1.08 1.09 0.17 6.77 48
RN GH 0.57 0.50 0.43 0.36 0.13 1.95 18
SJ HT 1.92 1.65 1.32 1.26 0.26 5.77 18
RN HT 0.50 0.54 0.31 0.18 0.13 1.44 7
SJ Bone 1.62 1.35 1.16 1.11 0.26 4.63 23
RN Bone 0.19 0.04 0.18 0.19 0.16 0.22 2
SJ Heart 3.87 1.08 3.79 3.87 3.11 4.63 2
RN Heart 0.16 0.00 0.16 0.16 0.16 0.16 2
SJ Liv/Kid 2.03 1.21 1.56 2.41 0.26 3.21 8
RN Liv/Kid - - - - - - 0
SJ Dig 2.17 2.08 1.50 1.46 0.26 8.03 16
RN Dig 1.69 2.51 0.62 0.30 0.17 4.58 3
Table D2.18 F-test and t-test results for the comparison of manganese concentration in hair
and health status in the two study populations.
Population Relationship d f  (F) Fcrit Fcalc d f  (t) fc r it fc a lc Sig? P
SJ Smoke Y vs. N 46,37 1.70 1.41 83 1.99 1.04 N <0.05
RN Smoke Y vs. N 15,18 2.27 9.98 18 2.10 1.31 N <0.05
SJ GH vs. HT 17,47 1.84 1.12 64 2.00 -0.57 N <0.05
RN GH vs. HT 6,17 2.70 1.17 23 2.07 0.32 N <0.05
SJ GH vs. Bone 47,22 1.92 1.34 69 1.99 0.12 N <0.05
RN GH vs. Bone nd
SJ GH vs. Heart nd
RN GH vs. Heart nd
SJ GH vs. Liv/Kid 47,7 3.32 1.65 54 2.00 -0.63 N <0.05
RN GH vs. Liv/Kid nd
SJ GH vs. Dig 15,47 1.88 1.78 62 2.00 -1.02 N <0.05
RN GH vs. Dig 2,17 3.59 25.35 2 4.30 -0.77 N <0.05
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Table D2.19 Population data for potassium resolved for health status (pg/g).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 20.2 18.7 12.6 12.3 2.7 62.7 30
RN Smoke Y 27.2 51.5 9.5 9.9 1.8 170.2 10
SJ Smoke N 12.8 10.2 9.2 8.7 1.7 38.6 35
RN Smoke N 10.0 14.8 5.0 3.3 1.7 40.8 11
SJ GH 11.8 11.5 8.0 6.3 1.7 50.9 39
RN GH 8.8 11.8 5.4 4.5 1.8 39.0 9
SJ HT 18.1 18.1 10.9 9.4 2.9 56.0 11
RN HT 14.6 17.6 6.9 3.3 1.7 40.8 7
SJ Bone 21.2 20.0 12.2 13.7 1.2 62.7 20
RN Bone 2.9 - - - - - 1
SJ Heart 6.1 4.7 5.1 6.1 2.7 9.4 2
RN Heart 2.9 - - - - - 1
SJ Liv/Kid 14.4 19.1 9.0 7.6 3.4 57.2 7
RN Liv/Kid - - - - - - 0
SJ Dig 11.5 13.7 7.8 7.6 2.7 57.2 15
RN Dig 62.0 93.9 18.7 12.7 3.0 170.2 3
Table D2.20 F-test and t-test results for the comparison of potassium concentration in hair 
____________and health status in the two study populations._____________________________
Population Relationship df(F) Fcrit Fca lc df (t) tc rit tca lc Sig? P
SJ Smoke Y vs. N 29,34 1.80 3.38 43 2.02 1.94 N <0.05
RN Smoke Y vs. N 9,10 3.02 12.04 10 2.23 1.02 N <0.05
SJ GH vs. HT 10,38 2.09 2.48 12 2.18 -1.10 N <0.05
RN GH vs. HT 6,8 3.58 2.23 14 2.14 -0.80 N <0.05
SJ GH vs. Bone 19,38 1.87 3.02 26 2.06 -1.94 N <0.05
RN GH vs. Bone nd
SJ GH vs. Heart nd
RN GH vs. Heart nd
SJ GH vs. Liv/Kid 6,38 2.35 2.77 7 2.36 -0.35 N <0.05
RN GH vs. Liv/Kid nd
SJ GH vs. Dig 14,38 1.96 1.42 52 2.01 0.10 N <0.05
RN GH vs. Dig 2,8 4.46 63.44 2 4.30 -0.98 N <0.05
Table D2.21 Population data for selenium resolved for health status (pg/g).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 0.80 0.20 0.78 0.75 0.51 1.43 26
RN Smoke Y 0.87 0.47 0.78 0.75 0.32 2.53 23
SJ Smoke N 0.86 0.19 0.83 0.85 0.51 1.26 32
RN Smoke N 0.89 0.35 0.84 0.81 0.46 2.15 24
SJ GH 0.84 0.19 0.81 0.84 0.45 1.26 36
RN GH 0.92 0.42 0.83 0.89 0.32 2.15 19
SJ HT 0.79 0.18 0.77 0.77 0.51 1.15 10
RN HT 1.03 0.57 0.92 0.92 0.57 2.53 11
SJ Bone 0.90 0.22 0.88 0.84 0.61 1.43 19
RN Bone 0.74 0.16 0.73 0.70 0.59 0.96 4
SJ Heart - - - - - - 0
RN Heart 0.75 0.18 0.74 0.66 0.63 0.96 3
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Table D2.21 continued
Population Group Mean SD GM Median Min Max n
SJ Liv/Kid 0.81 0.11 0.81 0.87 0.61 0.90 7
RN Liv/Kid 0.70 0.15 0.69 0.70 0.59 0.81 2
SJ Dig 0.77 0.19 0.74 0.82 0.41 1.09 12
RN Dig 0.82 0.14 0.81 0.84 0.64 0.96 4
Table D2.22 F-test and t-test results for the comparison of selenium concentration in hair and 
____________health status in the two study populations. _______ _______________
Population Relationship df(F) Fcrit F calc df(t) tcrit tcaic Sig? P
SJ Smoke Y vs. N 25,31 1.87 1.12 56 2.00 -0.97 N <0.05
RN Smoke Y vs. N 22,23 2.02 1.79 45 2.01 -0.20 N <0.05
SJ GH vs. HT 35,9 2.84 1.04 44 2.02 0.75 N <0.05
RN GH vs. HT 10,18 2.41 1.85 28 2.05 -0.59 N <0.05
SJ GH vs. Bone 18,35 1.91 1.35 53 2.01 -1.22 N <0.05
RN GH vs. Bone 18,3 8.67 7.19 21 2.08 0.82 N <0.05
SJ GH vs. Heart nd
RN GH vs. Heart 18,2 19.44 5.61 20 2.09 0.66 N <0.05
SJ GH vs. Liv/Kid 35,6 3.79 2.72 41 2.02 0.28 N <0.05
RN GH vs. Liv/Kid nd
SJ GH vs. Dig 11,35 2.07 1.03 46 2.01 1.12 N <0.05
RN GH vs. Dig 18,3 8.67 9.62 16 2.12 0.85 N <0.05
Table D2.23 Population data for sodium resolved for health status (pg/g).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 25.9 28.5 18.3 17.7 3.1 141.3 40
RN Smoke Y 9.6 3.2 9.2 9.0 5.4 17.8 23
SJ Smoke N 17.7 11.5 14.4 13.9 2.2 52.3 48
RN Smoke N 11.0 5.6 9.9 9.5 3.7 27.0 33
SJ GH 20.3 19.8 16.3 15.8 3.0 141.3 49
RN GH 12.1 6.0 10.9 10.1 3.7 27.0 24
SJ HT 24.1 34.9 14.1 12.1 2.2 158.4 19
RN HT 10.2 4.1 9.4 8.9 5.4 18.4 12
SJ Bone 23.9 26.1 16.2 19.3 2.2 133.8 25
RN Bone 9.1 2.4 8.9 8.6 7.0 12.9 6
SJ Heart 18.8 11.7 16.9 18.8 10.5 27.1 2
RN Heart 8.2 2.9 7.9 7.3 4.8 12.9 6
SJ Liv/Kid 20.2 9.2 18.2 19.7 9.4 36.0 9
RN Liv/Kid 7.2 0.0 7.2 7.2 7.1 7.2 2
SJ Dig 18.9 9.7 16.3 18.2 3.9 36.0 16
RN Dig 9.2 2.7 8.9 9.1 6.2 12.5 4
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Table D2.24 F-test and t-test results for the comparison of sodium concentration in hair and
health status in the two study populations.
Population Relationship df (F) Fcrit Fcalc df (t) tcrit tcaic Sig? P
SJ Smoke Y vs. N 39,47 1.65 6.14 50 2.01 1.72 N <0.05
RN Smoke Y vs. N 32,22 1.97 3.00 52 2.01 -1.17 N <0.05
SJ GH vs. HT 18,48 1.82 3.10 23 2.07 -0.44 N <0.05
RN GH vs. HT 23,11 2.62 2.13 34 2.03 1.00 N <0.05
SJ GH vs. Bone 24,48 1.75 1.73 72 1.99 -0.66 N <0.05
RN GH vs. Bone 23,5 4.53 6.57 22 2.07 1.92 N <0.05
SJ GH vs. Heart nd
RN GH vs. Heart 23,5 4.53 4.41 28 2.05 1.50 N <0.05
SJ GH vs. Liv/Kid 48,8 3.02 4.60 24 2.06 0.04 N <0.05
RN GH vs. Liv/Kid nd
SJ GH vs. Dig 48,15 2.18 4.18 53 2.01 0.38 N <0.05
RN GH vs. Dig 23,3 8.64 4.82 26 2.06 0.93 N <0.05
Table D2.25 Population data for zinc resolved for health status (pg/g).
Population Group Mean SD GM Median Min Max n
SJ Smoke Y 173.6 36.2 168.8 181.0 63.1 244.1 40
RN Smoke Y 169.0 39.9 163.9 171.3 76.7 248.1 27
SJ Smoke N 173.8 34.5 170.0 179.8 89.4 222.6 49
RN Smoke N 175.6 31.5 172.8 173.8 108.1 229.9 35
SJ GH 172.2 34.8 168.5 172.9 99.7 249.0 49
RN GH 181.3 29.2 179.0 176.0 131.4 248.1 26
SJ HT 173.7 42.7 168.4 179.8 77.8 289.2 19
RN HT 159.0 38.0 154.4 154.0 76.7 229.9 14
SJ Bone 170.0 37.0 164.8 169.5 63.1 222.6 25
RN Bone 161.8 42.5 156.8 163.0 97.8 223.8 6
SJ Heart 168.7 29.1 167.4 168.7 148.1 189.2 2
RN Heart 168.4 41.1 164.0 174.5 108.1 223.8 6
SJ Liv/Kid 186.2 30.1 184.2 187.7 148.1 244.1 9
RN Liv/Kid 159.7 87.5 147.3 159.7 97.8 221.6 2
SJ Dig 167.9 38.1 163.2 180.9 89.4 218.1 15
RN Dig 174.7 43.1 170.3 182.9 121.6 220.8 5
Table D2.26 F-test and t-test results for the comparison of zinc concentration in hair and
health status in the two study populations.
Population Relationship df (F) Fcrit Fcalc df(t) tcrit tcaic Sig? P
SJ Smoke Y vs. N 39,48 1.65 1.10 87 1.99 -0.03 N <0.05
RN Smoke Y vs. N 26,34 1.82 1.60 60 2.00 -0.73 N <0.05nCO: GH vs. HT 18,48 1.82 1.51 66 2.00 -0.15 N <0.05
RN GH vs. HT 13,25 2.14 1.70 38 2.02 2.07 Y <0.05
SJ GH vs. Bone 24,48 1.75 1.13 72 1.99 0.26 N <0.05
RN GH vs. Bone 5,25 2.60 2.12 30 2.04 1.35 N <0.05
SJ GH vs. Heart nd
RN GH vs. Heart 5,25 2.60 1.99 30 2.04 0.90 N <0.05
SJ GH vs. Liv/Kid 48,8 3.02 1.34 56 2.00 -1.13 N <0.05
RN GH vs. Liv/Kid nd
SJ GH vs. Dig 14,48 1.90 1.20 62 2.00 0.41 N <0.05
RN GH vs. Dig 4,25 2.76 2.19 29 2.05 0.42 N <0.05
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